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PREFACE 


Passive solar heating systems can supply a major portion of 
a house's heating load if properly designed. The four basic concepts 
used are direct gain, thermal storage in wall or roof, solar 
greenhouse and convective loop. In most applications some of these 
concepts will be combined to give better overall performance. Technical 
advances will make passive solar system function even better. How 
far the technology advances to, will depend on how well passive solar 
Systems become accepted. To further the use of solar energy an 
integrated approach will need to be taken. One which will combine the 
best of active and passive systems to produce a system that supplies 
100% of the house's heating load. 
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INTRODUCTION 


Passive solar heating is defined as using solar energy to heat a 
building, without the use of non renewable energy. The heating is 
Basteally done by letting the sun's radiation into a building's interior, 
to be stored in some kind of thermal mass or to heat up the air space. 

* Using the sun for heating and cooling goes back to “the ancient Greeks, 
who enunicated the basic principle of passive heating: face south, 
where the sun spends the winter; keep the winter winds away by embankments 
Or vegatating; shade against the summer sun; let cooling be done by 
evaporation water; work with, rather than against, nature. 5A This 
project will only cover passive heating, but most passive systems 

can do some cooling. The four basic concepts are direct gain, thermal 
storage in a wall or roof, solar greenhouse and convective loop. 

The direct gain concept allows the solar radiation through south 

facing windows or clerestroies to be stored in the walls or floor of 

the house. Thermal storage in a wall or roof allows the solar radiation 
to come through south facing glazing and then directly onto thermal 
storage, with no direct solar radiation entering the living space. 
Masonry material or water are normally the thermal storage mediums. 

The solar greenhouse concept uses the solar radiation captured by a 
south facing greenhouse for heating. Convective loop is similar to 

flat plate air solar collector, except the air is circulated by the 
thermosiphon process instead of by a fan. Many houses use a combination 
of the above concepts to make up their passive solar heating systen. 
These concepts will be covered in detail later. 


A house that uses a passive solar system for heating will have to 
be sealed as well as possible to reduce the, infiltration heating load. 
In this time of dwindling energy resources any house should be sealed 
to insure the minimum heating load. Generally the economics of passive 
solar systems will not be addressed in the project, because it is 
difficult to assess the cost of the system. The economics analysis 
that has been done has shown that passive solar heating is economically 
attractive. 


How the sun's path across the sky changes with the seasons, aides 
the operation of passive solar heating systems. During the winter 
months the sun is low in the sky, which is good for the collection of 
solar radiation on a vertical surface. During the summer months the 
sun is high in the sky, which will help prevent the collection of solar 
radiation, on a vertical surface. Thus the sun's position in the sky 
directly enhances passive solar systems operation, by allowing good 
collection during the winter months and poor collection during the summer 
months. The farther north a house is located the lower in the sky the 
икра, which will improve the collection of available solar 
radiation on a vertical surface. For a house to have an effective 
passive solar system it will have to have a wall that is within 20 
degrees east or west of south, which has no obstacles in the path of 
the solar radiation to the wall area. The house shape that will provide 
the optimum collection of solar radiation is a form elongated along the 
east-west direction. 


Exhibits 1, and 2, will give some idea of how well passive solar 
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systems will perform in different parts of the country.3 These 
maps show that passive solar systems could be used throughout the 
United States, with the worst performance in area seven of 
Вила 2. 


An important factor to consider when designing a passive solar 
system is the microclimate of the area the house is located. Often 
the weather patterns surrounding one house will be different from a 
neighbors house. These factors may be natural wind breaks, large 
Dues of water, mountains, valleys, open plains, landscaping and or 
proximity to surrounding buildings. Whatever the microclimate is it 
should be considered when designing a system. Another thing to consider 
is the benefit gained from broad leaf trees. These trees will be bare 
during the winter months, thus allowing solar radiation through, and 
full of leaves during the summer months providing shade to keep the 
house from overheating. The biggest problem with passive solar systems 
is the temperature fluctuations. For a passive system to work there 
has to be changes in temperature, but if the system is improperly 
designed the temperature changes can be too great. Initially, the lack 
of adequate design parameters resulted in some poorly designed systens, 
which had large temperature fluctuations, and has given passive solar 
systems a bad name. The expericene gained from the initial design 
attempts has produced better design procedures, but the procedures are 
still too complicated for general use to be adopted. 


The problem of overheating has resulted in the use of fans to 
transport the excess heat to a separate storage medium. The use of a 
fan in passive systems has created a conflict among designers. The 
purest position is that the use of an electric fan makes the system an 
уе опе. Others try to put a coefficient of performance (50) limit 
on when a system is passive or active. As far as this project is 
concerned, as long as the basic system falls within one of the passive 
concepts, then it is a passive system. If a fan can increase the 
system's performance then it is the logical thing to do. The systems 
with a fan will be referred to as hybrid passive solar systems. 


People who have lived in houses with passive solar systems, that 
operate correctly, have liked the interior environmental conditions. 
Passive systems do take some time to learn how to operate, to get the 
most comfort, but once the system is learned the interior areas can 
be kept comfortable. A factor to consider with systems that use 
radiant heat, is the interior air temperature can be lower than 
conventional systems and still be comfortable. The reason for this is 
the radiant heat from the wall or floor can be felt as warmth. Also 
to be considered with a passive system is that there is no noise from 
mechanical equipment. 
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DIRECT GAIN 


The direct gain passive solar system is the simplest approach when 
using solar energy. The system simply allows the solar energy to enter 
through south facing windows and be absorbed in the mass of the house. 
The reason this system works is solor energy (short wave raidation) will 
pass through the glass, with very little loss in energy, and be absorbed 
by the mass of the house, which will then emit long wave radiation that 
will not pass easily through the windows. The windows will be a large 
source of heat loss due to the inside-outside temperature difference and 
the window heat transfer coefficient (U). A method used to overcome this 
heat loss is to use movable insulation, to be covered later, to cover 
the windows when there is no solar energy available, mostly at night. 

A direct gain system will need an overhang to prevent the summer sun, 
which comes from large angles from the horizontal, from coming into 
the house. 5B 


The problems with direct gain systems are large temperature swings, 
expensive thermal storage mass, strong directional daylighting, glare, 
and ultraviolet degradation of fabrics. There will also be temperature 
swings of 15 to 22 degree fahrenheit during the winter months, which 
can be unacceptable to some families. These large temperature swings 
are also an indication that the system is not working very well. The 
movable insulation can help the situation, but there is still the 
overheating which is energy that could be stored at a lower temperature, 
and thus last longer and be available when there is no solar energy. 5B 


The best and most economical place to put the thermal mass is the 
floor, but a masonry floor that can't be covered by rugs, furniture 
and other things normally used in a living space would be unacceptable 
to most families. The area generally used is the walls, which is more 
expensive to install. There is also the problem of getting sufficient 
area that is directly in the sun's rays. Thus the walls will require 
extensive and expensive mass. The roof can be used for thermal storage, 
which would be very effective because heat raises. The obvious draw 
back is the expense of using heavy thermal mass on the roof. With the 
use of a phase change material the excessive weight could be somewhat 
eliminated. The following exhibit :3, shows the basics of direct gain 
passive solar heating. 


HOUSE AT CROOKED CREEK (SEVERE CLIMATE) 


A house constructed in Dubois, Wyoming, which has a 10 month heating 
season and is very cold, was designed to use passive solar energy. The 
house was designed as a long structure with three large clerestories 
facing south. The clerestories allowed the direct radiation to enter the 
rooms above eye level, thus reducing glare and filling the space with 
reflected light. The house is very well insulated and includes an air- 
lock entry. Reinforced concrete block forms most of the house, and along 
with an 8" concrete floor slab make up the thermal storage of the house. 
The insulation in the wood walls and roof is R-22, in the block walls 
(urea-formaldahyde foam sprayed in wall cavity) is R-30, and a 4" styro- 
foam board at the slab edge (R-18) is used. All the glass is thermopane. 
Roofing is corrugated metal. 5C 
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The collection of solar energy is by the clerestories which had 
to be sized to insure sufficient energy could be collected. The glass 
area calculations were based on a minimun exposure to a 15 degree 
angle of incidence (December 21 average, 45 degree north latitude). 
After heat loss calculations, the window calculations resulted in 100 
square feet for each living area and 85 square feet for each bedroom. 
Total insolation was calculated to be 2,300 BTU per square foot per 
day, of which 2,000 BTU per square foot per day (December 21) is direct 
Elation, plus 15% for clear day reflected radiation, and also some 
diffuse radiation. Transmission of radiation through thermopane glass 
575%, which gives a total radiation entering the house of 1,725 
BTU/ sq. ft./day. The windows were inset 12" to try and maintain 
a cushion of still air in front of the windows and thus minimize 
daytime heat loss. 5C 


The storage of energy is in the walls and floor. Direct radiation 
strikes the plastered block walls (sand finish to help insure diffuse 
Mmeelection) and reflects the radiation to the floors. 25 to 30% of the 
direct radiation will be absorbed by the walls as determined by the 
thermal admittance and acceptance of the masonry masses. The acceptance 
and admittance formulas are by Mazria: Solar Energy Workshop Workbook, 
December 5, 1975. The masonry wall can admit, or store, 45-50 BTU/sq.ft./ 
ПЕ of the approximate total heat exposure of 200 BTU/sq. ft./hr. 
before overheating at the surface. Which is why the light color for the 
wall surface was selected to allow only 25 to 30% of the radiation 
Striking to be absorbed. The black slate finished floor accepts 90 to 
954 of the radiation striking it. This process of calculating and 
balancing color allows the maximun storage of energy, by minimizing 
surface overheating. This helps to insure energy for nighttime heating 
The mass in the building is calculated to store one days heat within 
a 10 degree fahrenheit temperature swing (65 - 759F). The amount of 
mass was determined from the thermal capacity of the walls and floor. 

All calculation assumed R-8 Technifoam shutters over the south clerestories 
Beemacht. 5C 


The actual performance data was collected without the shutters. 
During clear days the temperature fluctuated about 15 degrees (60 - 75) 
with outside temperature ranging from 10 to 25°F daytime and -10, -0°F 
at night. There was a need for approximately 2 hours of nighttime 
heating with a "Franklin" woodstove. The house used one half cord of 
white pine from August to the end of November. There was only a 
maximun 5 degree temperature difference between the floor and the peak 
of interior spaces, because the mass radiates very slowly and gradually, 
causing the heat to migrate slowly. The house was monitored for a four 
day period of continuous snow. During this time outside temperatures 
ranges from -10°F to -35°F, while the house never fell below 50°F 
without any auxiliary heating. The reason this temperature can be 
maintained is there is enough diffuse radiation reflected into the house 
to maintain this temperature. This also shows what can be accomplished 
with a well insulated house. 5C 


When the walls and floor are warmer than the air space, as it is 
with a direct gain house, the house is comfortable at 65°F as compared 


to 75°F in a conventional house. Also around sundown when the house 
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changes from direct solar radiation heat to thermal energy (from 
the walls) the house will experience a chilly period of about 30 minutes. 
Once the walls begin to radiate, the house feels warm again. 5C 


HOUSE IN CENTRAL CALIFORNIA (MILD CLIMATE) 


A passive solar house that is located in a mild climate (central 
California) has been designed to give essentially 100% passive solar 
heating and cooling. Only the heating will be addressed in this project. 
The location has 589 degree F days of heating with a relatively 
dependable sunshine and large dirunal swings (28 degrees in winter and 
32 degrees in summer). The house was built with materials and construction 
techniques standard to the area, and has 1,500 square feet of living 
area. This requires only 400 square feet of south facing glass and 
2,000 square feet of thermal mass (mostly 2" thick), which will allow 
the system to operate 24 hours a day. The temperature swing predicted 
for this house is 22 degrees F (64°F to 84°F). This does not take 
into account movable insulation on all south facing windows, which 
would improve the performance. 5G 


The thermal storage is based on diurnal storage, which is optimal 
at about 2". The floor is a 4" slab on grade, on concrete block wall 
capping, laid on a wood decking, filled with grout and sealed with wax, 
to give a light colored semi-reflected finished, so that the insolation 
will be spread over all the high mass surfaces. The thermal mass on 
the walls are 2" plaster where the sun strikes the walls from one side 
and 4" plaster where the sun strikes the surface from both sides. 5G 


Collection of solar energy is accomplished as shown in exhibit 4. 
This design shows that with the proper climate conditions ‘a house ‘сап 
be heated and cooled almost 100% by passive solar energy, and be built 
using materials and construction techiques standard to the area, 
keeping costs down. An example of how costs compared to a conventional 
house, is the cost of the high mass wall which was 70¢ per square foot, 
as compared to 63¢ per square foot for a typical 1/2" gypsum wall 


with 2" X 4" studs. There is no actual performance data available. 5C 


RETROFIT NEW MEXICO ADOBE 


The retrofitting of a direct gain system to a house will usually 
take considerable remodeling if the system is going to be effective 
in using solar energy. The house will also have to have a large amount 
of south facing wall. To install the needed south facing windows and 
storage mass in the house will probably require structural changes, 
which would be very expensive. Where retrofitting can be effective is 
if the house already needs extensive remodeling, and is situated such 
that there will be sufficient south facing wall area. An example of 
this type of remodeling is an adobe house in Alcalde, New Mexico. 
This house needed extensive repairs. The owner decided to convert to 
solar energy (direct gain) with the remodeling. The house was ideally 
Suited in that it was made of adobe, giving it mass, and had sufficient 
south facing wall. The solar retrofitting with remodeling cost 
$15,000, as compared to $14,000 that a contractor estimated for just 
the needed repairs. The estimated total heat loss, with a 15 degree F 
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average 24 hour temperature, is 185,000 BTU/day. The estimated solar 
gain through the 180 square feet of window is 180,000 BTU/day. The 
180,000/day is based on 1,000 BTU/sq. ft./day, which is a clear day 
value. The south windows have reflectors which will increase the 
energy gained (30% by Steve Baer's rule of thumb), and should make 
the house very close to 1005 passive solar heated, considering the 
area of New Mexico. 5K 


page 10 





THERMAL STORAGE IN A WALL OR ROOF 
TROMBE WALL 


The Trombe Wall, named for Dr. Felix Trombe one of it's developers, 
is a passive system that uses thermal storage on the south wall of 
the house. The exterior of the wall is painted a dark heat absorbing 
color, to insure as much energy is absorbed as possible. There will 
be either one or two layers of glazing mounted several inches from the 
wall. If it is desired to have both daytime and nighttime heating the 
wall will have to have vents at both the top and the bottom of the wall. 
These vents will have to have dampers to prevent the reverse flow of 
heat through the vent and out the windows at night. Exhibit 5 shows 
basically what a Trombe Wall is and how it works. 


As exhibit 5 indicates solar radiation (short wave) passes 
through the glass and is absorbed in the wall. The thermal energy, 
in the wall being at a low temperature, producing long wave radiation, 
will not pass easily through the glass, thus capturing the solar energy 
in the house. Exhibits 5 and 6 also show that the daytime heating 
is done by a natural convective loop, and nighttime heating is done 
by radiation from the thermal storage wall. 5B 


In the Trombe Wall, the selection of how much and what kind, of 
Material to use for the wall is critical. Normally masonry is used for 
the material, but with the development of phase change materials 
(to be covered later) there may be a switch to this less space consuming 
material. Temperature swings, as experienced with direct gain systems, 
can be reduced, due to the smoothing achieved as the temperature wave 
diffuses through the wall. There is also a time delay between when 
the solar energy is absorbed and when the energy enters the house. 
Usually this time delay is from 6 to 12 hours, which gives the maximum 
heating when most needed, at nighttime. Exhibits 7 and 8 show the 
smoothing effect and the time delay of th Trombe Wall. 5B 


The results in exhibit 7 are more extreme than would be observed 
in a house, since test rooms have a large ratio of collector area to 
load (4.3 sq. ft. of collector per BTU/hr. °F), and consequently the 
inside temperature averages about 50 degrees F above the outside 
temperature on sunny midwinter days. 5B 


The thickness of the wall can be some what flexible because of 
the time delay. The thickness that gives the maximum annual energy 
yield to the building is 12 inches. With a 12" wall there will be too 
much: Of a temperature swing, which results in uncomfortable periods 
when there is an extended cloudy period. The usual design uses a 
16" wall, which will give more storage and less of a temperature swing. 
The exhibit 7 lists the characteristics of a solid concrete wall 
during sunny days with double glazing. 5B 


The Trombe Wall can be used a number of ways as a passive solar 
system. The Trombe Wall can be used by itself, but will need the vents 
for daytime heating. The Trombe Wall can be combined with an attached 
greenhouse, still using the vents. The Trombe Wall can also be used 


page 11 





Winters HeaTin 
bay time 






2-” eg 
yee ON vectiv2 ‘ 
Current E e 


< 


Massive Irombe 
Wall faces souh, 
Soaking up SUNS 

heat and conducting 

EXHIBIT 5 E slowly ihe The 

MASS 


Insulation 


x This section can be opened so 
that during summer the heat CAN 
go outside instead I over hea ting 
the inside of the house 


Winters Heatin 
Nightime 


Some heat 
C Apes Prom 


HS Suler surtace 
of Trombe МА | 






Insulation 


EXHIBIT 6 


page 12 





DIRECT GAIN 
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just as a nighttime heating device, no vents, and some other form of 
heating during the day. How the Trombe Wall is used will be up to the 
designer. 


The problems with the Trombe Wall is the high cost of construction, 
it takes up valuable space within the house, and it may not have a 
pleasing appearance to some people. The problem of loss of heat at 
night, through the windows, can be reduced by using movable insulation 
between the wall and the glazing. Any overheating that takes place, 
can be resolved, but with proper design shouldn't happen. 


DOUG KELBAUGH HOUSE 


The Doug Kelbaugh house uses the Trombe Wall with vents as its 
passive solar heating system. The Trombe Wall is constructed of 15 
inches of concrete,which has been painted with 3M Nexel (special 
black coating) over masonry conditioner. There is double glazing in 
front of the wall, giving a total of 600 square feet of collection 
area, plus the attached greenhouse. The vents are located at the top 
and bottom of each floor level. After the first winters occupancy it 
was discovered that dampers were needed to stop the reverse thermo- 
Siphoning. The dampers were made so that they would operate passively, 
and are made from a light cloth over a screen that would only allow 
flow in one direction. The house also has an attached greenhouse, 
which will be discussed at a later time. Since the house is two stories 
there was a problem with the upper story always being hotter than the 
lower story. This was resolved by closing off the lower from the 
upper level. Exhibit 9 is a schematic of the house's heating system. 
The house has 2,100 square feet of floor area and a volume of 19,000 
eubic feet. The heat loss for the house is about 65,000 BTU/hour at 
ШИН! The backup heating is a gas fired hot air furnace that can 
deliver 58,000 BTU/hour. There are also three 250 watt heaters in the 
bathroom to provide instantaneous heat. The additional cost estimated 
to be attributable to the solar heating and cooling system is $8,000.00 
to $10,000.00. This cost for a solar system may seem high, but the 
following exhibit 10, shows why it is worth the extra money. 5DD 


The house had a temperature swing of 5 to 10°F over a 24 hour period. 
Daytime temperature setting was between 60 and 64°F and the nighttime 
setting was 58°F. These settings were acceptable because the radiant 
heat from the wall allows lower room temperatures to be comfortable. 
The estimated downstairs average was about 63°F while for upstairs it 
was 67°F. SDD 


Since this system obtains a high percentage of total heating from 
solar it makes the high cost acceptable. When maintenance costs, 
reliability and convenience are also considered the system is even more 
and more appealing.. 


The Trombe Wall concept can be used with no vents directly into 
the living space, but with a rock bed storage system in which the air 
between the Trombe Wall and glazing is passed through. The Bruce Hunn 
house is an example of this kind of system, but since it is considered 
a hybrid system it will be covered later. 
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RETROFITS 
WICKEL HOUSE 


Retrofitting a Trombe Wall on an existing house is not too costly 
if the house already has a south facing masonry wall. The system will 
probably not be as effective as a new construction system, but it 
should reduce the heating bill. Two houses that were retrofitted with 
Trombe Walls are the Wickel House in New Jersey, and the Upper Black 
Eddy House in Pennsylvania. The Wickel House is a converted vacation 
lodge with over 7,000 square feet of living space, with three stories. 
One gable end is exposed to 5 degrees west of true south. Since the 
house was originally designed as a lodge, it was possible to limit 
the heating load for the solar system to 2,200 square feet of living 
space in five separate zones. The total heating load for this portion 
of the house was estimated to be 205 million BTU per heating season. 
The south end of the basement and first floor (432 sq. ft. ) was 
constructed of hollow core cement blocks, which was ideal for retrofitting 
a Trombe Wall. 5D 


The first step in constructing a Trombe Wall was the preparation 
of the surface of the wall. The surface already had a rough coat 
plaster job, which was nice for solar absorbance and creation of air 
turbulance for efficient heat transfer. The wall was blackened with 
a thin slurry of mortar mix, with black masonry pigment added. The 
air space for the Trombe Wall was formed with 2 X 4's, giving a three 
inch air space. The perimeter was then caulked inside and out with 
ExuPcing,and lined with one inch fiberglass drop-ceiling insulation. 
Lead anchor shields were placed in the masonry at 30 inch centers 
across the wall. The glazing was attached 45 indicated in exhibit 11. 
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distribution. It can also compensate for irregularities in the wall 

by varying the pipe spaces length. All the forming members were painted 
white to reduce the amount of heat they absorbed. Three 6" X 12" 

vent holes were cut at the top of the collector to allow air flow 

into the third and fourth floor areas. 5D 


The system operates by convective air being fed through the 
basement windows, then by opening or closing selective windows and 
vents, the heat can be directed to any of five living areas as desired. 
Dampers are used to prevent reverse thermosiphoning. The 8" hollow 
block doesn't provide very much thermal mass, which is why the 
insulation and sheet rock were left on the south wall. By leaving 
the south wall the way it was helped reduce the overheating problems. 5D 


The air entering the Trombe Wall via basement windows was 38 
degrees, with the exhausted air ranging from 100°F to 122°F. Since no 
air flow measurements were taken, these temperatures have very little 
meaning. During winter days, use of the wood stove has been virtually 
eliminated. The limited thermal mass gives very little storage, which 
means when the sun goes down the system is of very little use. The 
fact that the area has nearly perpetual snow cover and clear skies 
improves the systems performance. The Wickel family has been pleased 
with its performance. The best feature of the retrofit is the low 
cost. The total expenditure for materials was $378.55, resulting 
in 88¢ per square foot of collector area. 5D 


UPPER BLACK EDDY HOUSE 


The Upper Black Eddy House is a two story stone farmhouse with 
1,000 square feet of living space. The heating load is 110 million 
BTU per heating season. The primary source of heat is a smail log- 
burner wood stove. The house has one side that is 5 degrees east to 
true south. After deletion of obstructions there was 28' by 5' of 
stone wall exposed to the sun, of which one third is window space. 

To make full use of the limited space available for Trombe Wall it 

was decided to use double glazing. The construction of the Trombe 

Wall was similar to the Wickel House but had to be modified to accept 
le clazingyin lieu of single Kal Wall. The builder, taking 
advantage of good deals,got the materials, for the project. for $113.00, 
ог 8l¢ per square foot of collector. The materials used caused the 
labor time to increase considerable over the Wickel House. The house 
has a 15 degree pent roof sloping away, for 10 feet, from the base of 
Bilemcollector,which will improve its efficiency. 5D 


The system operates by air being fed into the collector via the 
lower sash of the three windows and exhausted through vents cut into 
the eves, where it ties into an existing unused insulated hot air duct 
system. The hot air is then fed into the second floor near the ceiling. 
The second floor will quickly reach 60 to 65°F with moderate insolation, 
but as inlet air temperature increases the heat transfer becomes 
inefficient, thus slowing down the thermosiphoning. There are plans to 
install a circulating fan to help direct the air through out the house 
for a more even heat distribution, and to help maintain the thermosiphoning 
loop. This system will not meet a major percentage of the overall 
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heating needs, but it will be significant enough to make the investment 
worthwhile. No actual performance data was avallable. 5D 


Retrofitting a Trombe Wall to an existing house will not give 
the same kind of performance as a new construction system, but as 
shown with the Wickel House and the Upper Black Eddy House satis- 
factory performance can be obtained at a minimun of cost. This is 
important because it allows homeowners in the lower income strata 
to take advantage of solar energy. It should be pointed out that 
the above only applies to houses that have a masonry wall that faces 
very close to the south. 


WATER WALL 


The water wall system works on the same principals as the Trombe 
Wall, except water is used as the storage medium instead of masonry. 
The main advantage of water is its efficiency in picking up heat, 
storing it, and releasing it, resulting in less storage space. The 
surface of the water will also remain cooler than the masonry. The 
cooler surface will result in less heat losses and will have less 
tendency ot overheat during sunshine hours. The lower surface 
temperature will also be more responsive to solar gain. 5Y The water 
wall can be directly exposed to the living space or it can be enclosed. 
If the water wall is enclosed the air can be circulated naturally or 
forced. Tests conducted by the Energy Center of the University of 
California, San Diego indicate that the water wall bin with forced 
convection gives the best solar load fraction, which is dependent on 
a person's subjective assessment of the comfort enhacement by direct 
radiation. The water wall bin with forced convection does provide 
the best room temperature control. During the daytime temperatures 
rarely exceed the thermostat setting by more than 2°F. The placement 
of an insulating wall (even with vents) between the living space and 
the water, with natural convection, will give poorer performance than 
the exposed wall. There was a significant loss of energy through 
the windows by conduction, even with R-8 night insulation. This heat 
loss can be reduced from 50% to 100% by the use of night insulation 
on the exterior of the glazing. Exhibit 12 is a schematic of a water 
gall bin. 52 


The primary problem with the water wall is getting the water in 
the vertical configuration. Initial attempts had continous water from 
the top to the bottom of the wall, such as vinyl bladders inside of 
walls and various types of tubes made of steel and fiberglass. These 
methods put too much head pressure on the system, making leaks a 
major problem. Corrosion is also a problem when metal containers are 
used. Drums are usually used, in that the water pressure can be kept 
down and still form a wall by stacking the drums. If metal drums are 
used to contain the water the corrosion can be minimized by using 
anticorrosive stabilizers in the water, or by lining the containers 
with something that is not corrosive in water. If the system is an 
exposed water wall there will have to be something to shade the wall 
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during the summer when no heating is desired. With the water wall 
bin the system can be designed so that the solar heat is vented 
outside, it would still be a good idea to provide some kind of 
shading. 52 


FOCUSING ROOF APPERATURE/HOUSE IN NEW JERSEY 


A technique used to minimize the thermal storage area is the 
focusing foof apperture. The roof aperture will allow the storage 
on the north wall. The designing of the aperture to give optimun 
distribution of solar energy is very complex, and will not be covered 
by this project. There is on going study, by others, in this area. 
The aperture will not focus the solar radiation on to the water storage 
at all times, therfore, a concrete floor should be used to insure all 
the focused energy is absorbed. The technique of focusing can 
minimize the storage area by a factor of up to two to one. This will 
save money as storage costs about $2.00 per square foot. The focused 
radiation will require a high capacity material like contained water 
or phase change material to avoid overheating. A masonry wall however 
thick, (8" to 16") will not provide enough storage to prevent over- 
heating. The contained water should be situated on the north wall 
such that it will receive the most radiation. An advantage of the 
focused aperture is that during the summer months when the sun is 
fener, solar radiation will not be collected. 5I 


A house located in New Jersey has a passive system that uses both 
a water wall and a focused roof aperture. The location has 4,980°F 
days per year with 57% yearly sunshine. The house has 1,400 sq. ft. 
Diving space and a heat loss of 8.3 BTU/DDF/sq. ft. which is a 
well insulated house. Exhibit 13 is a schematic of the house's 
heating system. The water wall operates by absorbing the solar energy 
through the glazing, and then radiating it from the water storage 
through the inner wall. The system also uses natural convection, 
from the water tube space, through the vents into the living space. 
The vents have dampers to prevent reverse thermosiphoning. There 
are exterior reflectors to increase the solar energy collected, which 
can be pulled up at night to give nighttime insulation. 


The focusing roof aperture operates by passing the solar radiation 
through the outer glazing material and reflecting it, by one or more of 
three reflectors, to the water storage or concrete floor. The three 
ei lectors are indicated in exhibit 13 as (1) Q) апа (3. There is 
internal glazing at the ceiling to prevent convective coupling of 
the skylight with the occupied space. Reflector two is movable so 
Bast it can also act as insulation. The water storage and concrete, 
transfers the heat to the house by natural convection and radiation. 
This system has a good heat distribution because there is a heat 
source at both the south and north walls. The above system has a ratio 
Gemeollcctor area to building load of about 1.7 sq. ft./BTU/hr.?F. SI 


The simulation used for this house had many simplifications. 
The validity and effect of these assputions are as of yet unknown. 
Future simulations are going to be done by computer, which should 
give more accurate results. The results of the simplified simulation 


page 22 





аге as follows: 


YEARS TOTALS 


HEATING HEATING LOAD PRECENT SOLAR LOAD 
DEGREE DAYS (BTUX109) SUNSHINE FRACTION 
4,980 58.42 57 907 


Total cost of combined water wall and roof aperture system was 
$7,858.00 which includes materials and labor. Considering costs, the 
solar load fraction, possible tax incentive and the low maintenance 
requirements makes this system very attractive. The above solar load 
fraction does not include the energy needed for hot water. The hot 
water required 3.04X109BTU Der year,which rs 754 0f the total annual 
requirements. The system could be modified to use the water storage 
as a pre heat tank for the hot water, which would decrease the 
conventional energy required for hot water. How this would effect 
the overall performance would have to be simulated. 5I 


RETROFIT>S 


Retrofitting a water wall or water storage system should be 
effective. The construction of the water wall or water storage should 
cost about the same as a new construction system. With a water wall 
it may take some structural work to get a wall with a lot of glass 
area, but it shouldn't be too much of a problem. The house will have 
to have a suitable wall facing south. If the system is properly 
designed it should be as effective as a new construction system, 
unlike a retrofitted Trombe Wall. The house will have to be well 
insulated, but a house should be well insulated no matter what kind of 
energy is used for heating. 


WATER ROOF 


The water roof system is a concept used in areas where flat roofs 
are acceptable. Most of the work on this system has been in the south- 
western part of the United States. The system uses a water storage 
pond on the roof of the house. The solar energy is absorbed during 
Sunlight hours, and a movable insulation is used to keep from losing 
energy to the air at night. There are movable insulation systems 
that can be moved with nonrenewable energy, and others that can be moved 
with manpower. Exhibit 14 is a schematic of the water roof system. 

As can be seen from exhibit 14 , the heating is done by radiation 
only. The system radiates heat into each room, making the heat 
distribution no problem. With the heat source in the ceiling it may 
cause a problem of the floor being uncomfortable, in the systems 
built to date this has not been a problem. The water roof system 
should be able to handle 100% of the heating load in areas where it 
is practicable, and also 100% of the cooling load, if the weather 
conditions are right. The construction of a house capable of carrying 
the load of a water pond on the roof has not been a problem, but 
have had trouble keeping the system from leaking. There is ongoing 
work to try and improve the systems water tight integrity. A family 
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that lived in a completed house felt that the system was Superior to 
conventional heating and cooling. Of particular note was the lack of 
blowing air and noise. 4 


The water roof wystem doesn't lend itself to retrofits, since 
there would have to be extensive structural work done to be able to 
take the added load of the water. The cost of the structural changes 


would make the retrofit prohibitive. 
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SOLAR GREENHOUSE 


The solar greenhouse is a room that has extensive glass area that 
faces south. It is really a direct gain space that is thermally 
separated from the living space. This allows the greenhouse to have 
large temperature swings, while the living space, being buffered, will 
have smaller temperature swings. There will be a thermal storage 
wall separating the greenhouse from the living space. The wall can 
either be insulated on the living space side or left uninsulated. If 
the wall is left uninsulated it will operate on the same pricnipals 
as a Trombe Wall. If the wall is insulated, to prevent heat loss when 
the greenhouse is cooler than the living space, the heating is done 
by convention through vents, windows or doors adjoining the greenhouse. 
The perimiter of the greenouse will be insulated along with the floor 
if the climate is severe enough. Additional thermal storage, such 
as water filled drums, may be used in the greenhouse to improve its 
performance. Exhibit 15 shows the basics of greenhouse heating. 5B 


The greenhouse with its extensive glass area is a good collector 
of solar energy, but the glass is not a very good insulator to thermal 
conduction. Shutters can be used to increase the greenhouse resistance 
to conduction. There has been recent development of transparent 
insulation, to be covered latter, that could make the greenhouse a 
better thermal storage medium. The greenhouse also can be used as a 
plant growing area, which could be used to grow vegatables year around. 
If the greenhouse is open to the living space there could be a problem 
with insects, if proper care is not taken. 


DOUBLE BOX 


A unique greenhouse system that is being developed is the 
double box. The double box is a greenhouse that completely surrounds 
the living space. Exhibits 16 and 17 are schematics of the double 
box. The structure will have to be well insulated. The air is heated 
on the south side through the glass raising to the top. The air is 
then forced down the north side through an air plenum space into a mass 
storage area at the base of the greenhouse. The air will then proceed 
into the greenhouse and up through a vent to be heated again. The air 
. will circulated at about twice that of a normal central conditioning 
system, which will give air exchanges in the greenhouse of about 
one per minute. The reason for these high air speeds are; 5AA 


1. Lower delta temperatures of operation, reducing heat loss 
back through the glass. 


2. Rapid Air FLow 
a. Rapidly looping air prevents heat from building up in 
the greenhouse 
3. Increased storage mass 
a. Storage at low temperatures increase operation time of 
heat supply. 


The double box gives two modes of operation; the air loop and the 
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air buffer, which provide 3 main temperature zones; the inner box, 

the outer box and the outside air. The outer box's temperature will 
have big temperature swings, while the inner box will be maintained 

at a fairly constant temperature. During the heating season when the 
sun is shining the outer box will be warmer than the inner box, thus 
the inner box will retain its heat. When the sun is not shining the 
outer box will be warmer than the outside air, due to thermal storage, 
and will funtion as a warm air blanket thus reducing the heat loss 

of the inner box. The energy used to move the air in the outer box 
can be achieved by either an electric fan, 10 to 15 KWH per month, or 
by setting up a natural convective loop. The natural convective loop 
can be obtained by leaving a portion of the north air plenum 
uninsulated. The warm air will escape out the north wall and be 
replaced by the warmer air moving down from the attic, thus forming 
the convective loop. SAA 


A demonstration project is being built, that uses the double box 
concept. The project, when fully operational, is expected to have a 
potential gain that is more than twice the heat losses. There will 
be an excess heat storage medium (low delta T) that should have the 
capacity (2 million BTU) to last through the cloudy days. The double 
box configuation can also provide summer cooling. Since this project 
is not completed there is no actual data available. There is also no 
figures for the cost of construction. This system appears to have 
potential, but how much will have to be assessed when actual data 
becomes available. 


DOUG KELBOUGH: HOUSE 


The usual application of greenhouses is in combination with other 
systems. The Doug Kelbaugh House is primarily a Trombe Wall System, 
but has an attached greenhouse for additional heating and growing 
Ornamental and edible plants, Initially, the greenhouse was single 
glazed and opened directly into the living space. After the first 
winter's operation it was found that the greenhouse was losing an 
excessive amount of heat, about 40% of the total heat loss of the 
house. To help remedy the heat loss problem a second layer of glass 
was added, which was estimated to cut the heat loss from the green- 
‘house in half. The greenhouse also had an excessive temperature 
Swing, up to 25°F. Eight 55 gallon drums painted black where added 
to try and reduce the temperature swing and to store energy. The 
Doug Kelbaugh House showed that if a greenhouse is going to be open 
to the living spaces it should have some means of uncoupling the 
greenhouse at night. Shutters can also be used to reduce heat losses 
and give privacy. Therefore, if a greenhouse is going to be used 
in combination with another system and is going to be open to the 
living space it should only be considered as a daytime heating 
Source. 4 


HYBRID SYSTEM 
Another interesting combination is to use the greenhouse attached 


to a Trombe Wall and use the heated air in the greenhouse to charge 
a rock bed storage system. This system will have the wall and the 
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floor giving off radiant heat, which will allow the room air temperature 
to be lower and still be comfortable. Exhibit 18 is a schematic of the 
above system. The concrete floor will provide a time delay for the 

heat flow. The warm floor will also offset the tendency of the room 

to stratify in temperature. 


RETROFITS 


Perhaps the best use of the greenhouse is in retrofitting it 
to existing houses. The greenhouse can be an effective solar system 
if the house it is retrofitted to is well insulated and has sufficient 
south facing wall area. It will not take care of the major heating 
mesas. but will reduce it. The cost of construction will be similar 
to a new construction system. 


page 30 





Tassu la fron 





Pock Bed 
Storag e 


т N 
floor 


N 





Greenhouse with Rock Bed 
Storage 


EXHIBIT 18 





page 31 


|| 





CONVECTIVE LOOP (THERMOSIPHON LOOP) 


The natural convective loop operates similar to active air 
Systems, except no conventional energy is needed. The collector will 
be similar to the active system. The collector has one or two layers 
ôf glazing, a heat absorbing plate and a method for the heat transfer 
fluid to flow across the plate. As the fluid passes across the plate 
it will absorb the thermal energy in the plate and transfer that 
energy to the storage medium. As the fluid is heated up it will 
ШШІсе and so into the storage hin at the top of the collector. The 
storage medium will absorb the thermal energy, cooling the fluid, 
causing it to flow down and into the bottom of the collector. This 
system can be used with either water or air as the heat transfer 
fluid. 5B The usual use for the above system is for passive hot 
water heaters. 


The natural convective loop air system can be used as shown in 
exhibit 19 . The house will have to be well insulated as usual. 
The collector will heat up the air causing it to raise into the 
storage bin. The rock bed storage will give up its heat by allrwing 
ЕШ СО raise through vents into the living space. Once the air is in 
the living space it will raise, heating the second floor spaces. As 
Ir Cools, it will return through the cold air return ducts. 
The hot water can also be heated in this system by installing water 
pipes in the collector. The system has dampers on the vents to control 
the heating and prevent any reverse thermosiphoning throughout the 
system. A house has been built using the above concept, but no 
performance or cost data was available. 3 


For the natural convective loop system to be justified it will 
have to have better performance than an active system, and be con- 
parable to other passive systems. The reason for this is that the 
system requires a collector that has no other function than to collect 
energy, as in the active system. The other passive systems have good 
performance and serve more than one function. There is a use for 
the convective loop system in retrofitting existing houses. The 
retrofits can be small convective air heaters for use during sunlight 
hours only, or a simple window box heater if it can be designed not 
to lose heat at night. Work is on going in this area of small 
convective air heaters, which can play an important role in using 
solar energy, espically in existing houses. 5B 
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MODIFICATIONS 
VERTICAL SOLAR LOUVERS 


Modifications can be made to the basic passive solar concepts 
to make better use of collected energy. An interesting modification 
is the vertical solar louvers, which combines the concepts of direct 
gain and thermal storage wall. Vertical solar louvers are a set of 
rectangular columns situated directly behind south facing glazing 
and oriented in the SE-NW direction. By orienting the columns in 
this fashion the morning sun is allowed to enter and warm the house, 
and the afternoon sun will store energy in the columns. Exhibit 20 
is a schematic of the vertical solar louver system. The vertical 
solar louvers has most of the advantages of the direct gain and the 
Trombe Wall systems, while eliminating most of the disadvantages. 
The Trombe Wall will give even temperatures, but does not allow the 
use of alot of possible storage in the interior floor and walls. The 
Trombe Wall, that circulates room air,also has no convient means 
to clean the interior glazing, which can deteriorate the system 
preformance. The vertical solar louvers allow the use of thermal 
Storage in the walls, and still have easy access to the glazing for 
cleaning. The primary disadvantage of the direct gain system is the 
wide range of temperature fluctuations, which the vertical solar 
louvers system will not have. 5J 


The vertical solar louvers are designed to function so that in 
the morning when the house is at its coolest the maximum amount 
of solar energy is directly admitted into the house, and then around 
noon switch to a Trombe Wall for storage of solar energy and to 
prevent the house from overheating. The loüvers will admit over 
80% of the morning sun directly into the interior. As the day 
progresses less and less of the sun's direct energy will be allowed 
into the house. At noon from 40 to 70% (depending on column spacing) 
of the sun energy will be intercepted by the louvers. In the after- 
noon all the sun's energy will be intercepted by the louvers for 
storage, after the house's interior has been heated up. The vertical 
solar louver system should reach maximum comfortable temperature 
Euwbout 11:00 A.M. and last until 5:00 P.M., as compared to 1:00 P.M. 
to 5:00 P.M. for other hybrid passive systems. The maximum surface 
temperature for the louvers will be reached between 4:00 P.M. and 
2:00 Р.М., as compared to shortly after noon for the Trombe Wall. 
With the maximum surface temperature being obtained around 4:00 P.M., 
it will give a heat pulse at the back of the louver between 2:00 A.M. 
and 5:00 A.M. (depending on the column material and thickness) when 
it is most needed. The vertical solar louver, therefore allows the 
house structure to absorb and store heat for a longer time at the 
maximum comfortable temperature. The vertical solar louvers should 
improve the storage effectiveness of the internal structural elements 
from 50 to 100% in December and January. 5J 


An advantage of the vertical solar louvers over the Trombe Wall 
‚is the front surface temperature of the vertical solar louver is 
lower. Tne vertical solar louver's maximum surface temperature is 
close to 75 F as opposed to 125 F for the Trombe Wall. The lower 
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surface temperature will give a lower temperature potential for heat 
loss to the exterior, thus resulting in less heat loss (up to 50%). 
This means that less expensive night insulation can be used and still 
maintain good performance. The actual storage mass temperature of the 
vertical solar louvers should be about the same as the Trombe Wall. 
The problem of excessive floor temperature, that can occur with a 
direct gain system, is also avoided. 5J 


Шемен, the designer of the vertical solar louvers, has built 
a house using his concept. The house has 1,300 square feet of living 
space, has two stories,and is made of 8 inch concrete blocks tamped 
Fall of sand. The floor is 4 inches of reinforced concrete on a 
4 inch open gravel base. The house is well insulated, even to using 
triple glazed storm windows, but no overall heat loss coefficient 
was provided. The house has 300 square feet of south wall, 50 square 
feet of clerestory and 70 square feet total in east and west walls, 
which are used to collect the sun's radiation. There are 100 tons of 
insulated masonry and sand in the house to provide storage for overnight 
and on partially cloudy days. The five vertical solar louvers are 
1X 32" sandfilled blocks, the full height of the south wall 
angled 45 degrees east of south. The south wall is double-glazed. 
Insulating drapes, stored on the NE interior side of each louver, are 
used to prevent nighttime heat loss and to control unwanted insolation. 
The system was designed to give from 50 to 85% of the houses needs by 
passive solar energy. There is no actual performance data available. 
The cost of constructing a house, using the vertical solar louvers, 
should be about the same as a conventional block house, but no com- 
parative cost data was provided. 5J 


Combining and modifing the basic concepts of passive solar energy 
is often done in efforts to maximize the use of solar energy. The 
greenhouse is often combined with water walls of Trombe Walls, or in 
the Doug Kelbaugh House. Jim Bier's vertical solar louver is a 
creative mofification that makes use of the advantages of the direct 
gain and Trombe Wall systems, and eliminates the disadvantages. 
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HYBRIDS 


Perhaps the biggest source of disagreement with the people involved 
in solar energy is the definition of when a system is passive or 
active. There are some people who contend that if any source of 
conventional energy is used the system must be classified as active, 
and others who try to use a coefficient of performance figure to 
distinguish between the two types of systems. For this paper there 
js a catergory of passive systems, hybrids, that use conventional 
energy with one of the basic passive solar concepts. The conventional 
energy will usually be a fan to force warmed air through a storage 
medium. The reason hybrid systems are used is to overcome the over- 
heating and underheating problems of passive systems. Examples of 
hybrid systems will be_ given to show how the concepts of passive solar 
heating can be combined with conventional energy to produce an effective 
solar heated house. 


UNIT 1 FIRST VILLAGE 


Unit #1 First Village, in the Santa Fe, New Mexico area, is a 
2,300 sq. ft.. two story house that uses the greenhouse concept, 
with a rock bed storage to do the space heating. All rooms face 
into a trianglar-shaped, 20 foot high greenhouse, on the south side 
of the house. The side of the greenhouse facing south is made of 
glass, while the remaining two sides are made of adobe, for thermal 
storage and to separate the heat collecting greenhouse from the living 
spaces behind them. There is about 400 sq. ft. of south facing 
thermopane glazing mounted at a 60 degree angle. The adobe is 14" 
thick at ground level and 10" at the upper level, to provide the passive 
thermal storage. The remainder of the house is well insulated. The 
rear wall is rounded to provide less resistance to harsh winter winds. 4 


mbit 2) 45 a Schematic of the house's hybrid passive solar 
system. As can be seen from the schematic, the system is made up 
of a passive part and an active part. The passive part uses the green- 
house principal to store energy in the adobe walls. The heat stored 
in the adobe walls will work its way through the adobe and be avail- 
able at night when needed. The unshuttered greenhouse in this system 
also acts as a buffer zone for the living space, in that it is allowed 
to fluctuate, usually between 110 F to 45°F. The thermal wall will 
average about 73'F. The active part is made up of two horizontal 
rock beds located under the living room and dining room. The beds 
are two feet deep and 10 feet wide, with one being 19 feet long and 
the other one is 15 feet long. The rock bed has sufficient storage 
capacity to carry the house through a couple of sunless days. The 
f@teait is pulled from the top of the greenhouse, by two 1/3 hp. 
fans, and forced through the two rock beds. The air is then returned 
to the greenhouse. The heat in the rock beds will radiate through 
the 6 inch concrete floor and into the living spaces. The temperature 
of the floor along with the rock beds will range from 85°F to about 
78°F. The rock bed will go down to 70% after a sunless day. Backup 
heating is provided by baseboard electric heaters. The domestic hot 
Mater heating is provided by a two panel flat plate collector array. 4 
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Temperature data collected over a four day period, lowest 
outside temperatures normally experienced in the Santa Fe area, 


illustrated the thermal stability of the house. The temperatures 
ranged from about 57°F to 63°F for this period. During most of the 
winter the internal living spaces where able to maintain temperatures 
in the upper 60's. There has been no monitoring of conventional 
energy useage to try and determine what percentage of the heating load 
was supplied by solar energy; but utility bills have consistently 

been less than $10.00 per month, usually being the minimum service 
charges. This was true even under the most adverse conditions. There 
was initially an apprehension that the sloping greenhouse would cause 
excessive heating in the summer, this has not been experienced. The 
owners have been very pleased with the house's performance. 4 


BRUCE HUNN HOUSE 


The Bruce Hunn house has 1,955 square feet of living space and 
is located in Los Alamos, New Mexico, which has 7,000 F days with 
plentiful sunshine. The house has a two story Trombe Wall with 300 
square feet of effective area. The system does not use a natural 
convection loop to circulate the air into the living space, but a 
blower to circulate the air between the glazing and the wall into a 
rock bed storage. A three-zone, forced-air distribution system, 
with a natural gas auxiliary furnace is also connected to the rock 
bed. There is also 140 square feet of windows for direct gain solar 
Betlection. The house has a heat loss coefficient of 8.5 BTU/°F/day/ 
Sq. ft. which is a well insulated house. There are plans to install 
interior insulating shutters on most windows, which will reduce the 
Meat loss coefficient to 7.5 BTU/°F/sq.ft. The window shutters should 
improve the systems overall performance. ` 


The Trombe Wall is constructed of 12" open slump block completely 
filled with cement. This is considered the optimal thickness for 
concrete. The outside surface was painted a dark brown stain that 
“as a measured solar absorptivity of 0.91. The wall was covered 
with double glazing mounted 2 inches from the Trombe Wall. Since 
the wall has no vents for a natural convection loop, the only space 
heating is by radiation. In the active mode the hot air in the space 
between the Trombe Wall and the glazing is forced through the rock 
beds. The blower initially circulated the air at a rate of 500 
cubic feet per second, which as will be discussed later, is too great. 
A differential controller, which operates on the temperature diff- 
erence between the top of the wall and the cold end of the rock bed, 
controls the charging process. The rock bed has a 3 foot by 12 foot 
mee, with 6 feet in the direction of flow, and is 12 tons of gravel. 
The rock bed is insulated with extruded stryofoam, 2 inches on the 
Side and 3 inches on the top, and rests on a concrete footing. The 
three zone forced air distribution system, with a natural gas auxiliary 
furnace, is connected to the rock bed. When a zone needs heat, 
returmed air is ducted to the cold side of the rock bed too the warm 
end, and finally through the furnace. The furnace is set so that 
when the inlet air temperature is below 80 to 85°F it will come 
on. 4 
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For first winter's operation the system was in the passive mode 
only. The passive system under most conditions was capable of main- 
 Шіпв the inside temperature at 60°F or above. As long as the Trombe 
Wall was charged this temperature was satisfactory to occupants. It 
was found that when the wall was not charged, during cloudy periods, 
the house was uncomfortable unless the room temperature was 65°F 
Or greated. Temperature readings within the Trombe Wall indicated the 
outer surface would reach a maximum of 152'F around noon. This peak 
temperature would than move through the wall,reaching the inner surface 
from 6 to 8 hours later and be about 90°F. Temperature data taken 
oven a years period shows that the Trombe Wall gives a very stable 
inside temperature.. The wall performance, being only 12 inches 
thick, will suffer when there is prolonged cloudy periods, which 
temperature data taken has verfied. 4 


The active mode was turned on November and December, of the 
test year, to try and activate the rock bed. It was found that the 
Mme alr temperatures to the rock bed were too low to charge the 
bed adequately. The active mode was therefore turned off. The 
reasons suspected for the poor performance of the active system 
are as follows; 


l. cold air leakage into the system 
2. direct losses 
3. too high an air flow rate 


Steps will be taken to remedy these problems. The blower was slowed 
down to 200 - 250 cfm, because the design value of 2 cfm per square 
foot of collector area was based on the optimun value for an active 
EUNMector, and is too high for a passive collector. Since the wall 
will absorb only one-half to two thirds of the incident solar energy, 
a value of l cfm per square foot of collector was considered more 
appropriate. AS m£ny of the air leaks as possible will be sealed. 
The air flow across the Trombe Wall will be reversed to shorten 

the length of warm air ducts. 5K 


The system's first year performance was monitored to determine 
the percentage of the total heating load supplied by solar energy. 
The system was capable of providing 60% of the total load, without 
the active system operating properly. When the shutters are put on 
the windows,and the active mode is working ,the system should be 
able to handle a good percentage more of the total heating load. 
The cost of material and labor attributable to the hybrid passive 
solar system is about $5,500.00,which is less than 10% of the total 
Senstruction cost. 5K 


MARKEL RESIDENCE 
The Markle House in Vermont has 1,100 square feet of living area 
ша heat loss of 17,500 BTU/hr. Particular attention was paid to 


reducing the inflitration rate during design and construction. The 
windows on the east,west and north sides are triple glazed. Since the 
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owners wanted a south view, the Trombe Wall concept was not feasible. 
The main living area is an open double height area with glazing placed 
at conventional height, and up near the top to direct the light to the 
back of the room. This was done to try and alleviate the glare problens 
associated with direct gain systems. The hybrid system is a direct 

gain system with a forced air rock bed storaze. The auxiliary heat 

is supplied by a wood fueled stove. 5M 


Пале 22 15 a schematic of the houses’ heating system. The 
house faces south 17.5 degrees east. Solar energy comes through two 
banks of night shuttered glass, glass doors main level and clerestory 
glazing at the top. The solar radiation is absorbed by a dark slate- 
Bpertloor, and by a full height south facing wall of dark green marbel 
rubble. These areas act as the direct gain portion of the system, 

TG heat ир the air in the living room. The hot air will raise to 
the top, and when hot enough will be forced into the rock storage by 

a blower. The rock storage is behind the marble wall,and is 16' long 
by 6' wide by 12' high filled with three inch round stone. If the 
room requires heat from storage, and a differential thermostat indicates 
that the storage is warmer than the room, three dampers activate 

and the cool air pooling in the living room is drawn up through 

the storage and circulated throughout the house via conventional warm 
air ducts and registers. This type of system allows the solar energy 
collected to be distributed through the house, even to areas that are 
not in close proximity to the radiating panels. 5M 


How the wood burner stove is used in this system is very unique. 
The primary problem with the way conventional wood burner stoves are 
used is that they are essentially air tight, so that they can burn 
Eus long time without being reloaded. When the stove is operated in 
this manner it burns at a lower temperature. This type of operation 
will cause creosote to form in the stove pipe, because the cool chimney 
will condense the steam from the wood and combine with the volatiles, 
which is a problem. To overcome this problem the wood burner stove 
was placed in an opening in the marble wall, backed right up against 
the rock storage bin. The wood burner stove is then fired so that high 
enough temperatures are maintained in the stove pipe to eliminate 
the creosote problem. Some of the heat from the stove will go into 
the living space, but most of it will radiate into the rock bin storage 
and the marble wall. The stovepipes, with heat exchangers, also will 
radiate to these spaces. The hot air created by the stove will raise 
and be put into storage. 5M 


The performance of this house has been difficult to determine 
because it was not used full time, it is being used more like a vacation 
house. With the house being used in this manner the shutters are 
not operated properly, when not occupied, resulting in the rock storage 
system not being fully charged. The small amount of data gathered 
does indicate that the system is operating as designed. The stove was 
designed to carry up to 46% of the January load. There was no data 
available on the systems cost. The designer of the house indicated 
that a transparent insulation, to be covered latter, could be used in 
place of the mechanical shutters if the house was not going to be 
occupied full time. The designer also has plans to retrofit the house 
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with an automated signal to indicate when to start the wood bumer 
Stove. 5M 


SOLAR ATRIUM 


The solar atrium is a room which is surrounded on the north, east 
and west by other rooms of the house. The cost effectiveness of the 
solar atrium concept is the primary concern of its developers. A 
test model residence, using the solar atrium concept, is going to be 
built. The house will have two stories with 1,500 square feet, and 
will be a well insulated wood frame house with a peak heating load 
ET 800 BTU/hr. SN 


Exhibit 23 is a schematic of the solar atrium concept. The south 
facing wall has 600 square feet of glass in the wall and roof. The 
glass is 1" insulation glass, with inside louvers which have a total 
Meat loss coefficient of 0.085BTU/sq.ft. °F. The atrium is situated 
in the house so as to be adjoining as many rooms as possible and to 
permit free alr movement. The atrium is constructed of material 
Peed will give it significant thermal mass. The floor is five inches 
of concrete with a dark ceramic tile finish. The chimney is made 
Ош concrete block and finished with dark ceramic tile. There is 
also an ornamental pool of 300 gallons, which also provides thermal 
mass. All this thermal mass will be exposed to the sun's energy. 

This type of system will allow the benefits of a Trombe Wall, without 
its visual barrier. There is a rock storage unit under the atrium 

to store any excess collected energy. The rock storage is 200 cubic 
feet with a thermal capacity of 4,000 BTU/*F. The back up heat is 

to be supplied by an air to air heat pump. The atrium can also be 
used as a living space. 5N 


The sun's energy will enter the atrium, charge the thermal mass 
and heat up the air. The hot air will raise to the top of the atrium 
where it will be circulated to heat the rest of the house. When the 
nouses temperature reaches 68?F the air will be drawn to the rock 
storage. At night the shutters will close, and the thermal energy 
in the atrium or the rock storage, will be used for heating. When 
necessary the heat pump can be used. These different modes of 
operation provide a great deal of flexibility in maintaining comfortable 
interior temperatures. 5N 


Since the house has not been built, as of yet, no actual performance 
data is available. Design calculations show that there should be a yearly 
savings of $183.00. (Fy 1977 dollars.) The investment to be amortized 
is $2,453.00. Calculations over the life of the system gives a pay- 
back period of about eleven years. This is considered the maximum 
amount of time to recoup the initial investment. As time progresses 
this payback period should get even shorter. The solar atrium gives 
cost effectiveness in heating and cooling that are equal to or superior 
to existing conventional systems. It has been designed to be convenient 
to operate by building occupants. 5N 
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EINDEBERG RESTDENCE 


The Lindberg House will have 2,100 square feet, with a heating 
Шеј ог 4.15 BTU/DD/sq. £t., in Minnesota, which has 8,400 degree days 
of heating. A hybrid passive solar system is situated so that it will 
be protected from winter winds and have large summer shade trees to 
nelp summer cooling. The house will have three levels, the garage and 
basement, the main living area and the bedrooms. The second and 
third levels are designed to give the maximum natural circulation of 
warm air through the house and the thermal storage area. The windows 
on the north, east and west sides have triple glazing, with double 
glazing and movable insulation on the south windows. There is also 
a skylight in the roof to give added collector area, which has a 
movable insulation system. 5F Exhibit 24 is a schematic of the houses 
heating systems. 

The hybrid passive system uses the direct gain concept to collect 
ee e olar energy, and a rock storage system to store excess energy. 
The south face has 275 square feet of double glazing, with movable 
insulation and 7/5 square feet of south facing skylight, with movable 
insulation. The floor has 63,600 pounds of precast concrete for 
absorbing solar radiation. There is a metal absorber plate located 
above the rock storage bin and positioned to accept the solar radiation 
from the skylight. The rock storage bin will have 40,000 pounds of 
meee. with the air circulated through it by the furnace fan. SF 


One of the problems with passive systems is the limited range 
Besen Operate over and stay within interior comfort conditions. 
The bedrooms will be put on the third level so that during the day 
‚this level will be allowed to go in excess of 80°F, thus allowing 
higher storage temperatures. Temperatures in excess of 80°F on the 
third level should not put the second level beyond the comfort range. 
The metal plate collector will be used to further increase the storage 
temperature by the warmed air from living spaces being forced by fan 
between the collector panel and the wall and into storage. The furnace 
fan will draw the air through the rock storage bin and either retum 
Шо спе space through the concrete air floor,or recirculated via 
puescollector loop. The precast concrete floor is an air floor, which 
ous flow both parallel to and perpendicular to the direction of 
the plank. Turbulence is created by supplying air to the Center 
Саб оп of am area and forcing the air to flow perpendicular to the 
length of the plank, to floor grills located at the edges. The heating 
system operates by the following modes of operation: SF 


MODE #1 Circulate air. This mode operates when an uneven 
temperature distribution exists to circulate air from 
the high interior spaces to the lower spaces and north 
exposed rooms. 


MODE #2 Solar Storage. When comfortable interior temperatures 
have been achieved and solar energy is continuing to warm 
the spaces beyond their needs the excess heat will be 
ara cancun Che interior solar collector, and into 
Ehesrocksstorspe, returnine via the concerete air floor. 
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MODE #3 Heat Charging only. This mode operates only when the 
interior spaces are at maximum comfort levels, When 
this occurs the air will circulate through the solar 
Coleco rock storage loop. 


MODE #4 Heat from Solar Storage. When there is no solar radiation 
and the radiation from storage is insufficient to meet 
heating needs, the furnace fan will withdraw the heat from 
storage by the same circulation as Mode #2. 


MODE #5 Auxiliary Heating. When the hybrid passive solar 
components can not meet the heating needs the auxiliary 
heating system can be used. A gas furnace is to be used 
as the back up system. 


The gas furnace uses its own supply ducts. This is a partial 
duplication of the distribution, but it was needed to prevent charging 
the solar storage with the furnace heat, making the solar storage 
ineffective to the lower temperature solar heat. A bin method analysis, 
estimated that the passive system could supply about 65% of the annual 
heating needs, which is pretty good with the available collector 
area. This design shows that a hybrid passive solar system can provide 
the major portion of the heating needs of a large well insulated 
house in a cold (8,200 DD) climate, and give relatively conventional 
Em Ort standards. There are plans to monitor temperatures, strati- 
fication of temperatures and heat flows for this house when complete. 5F 
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TECHNICAL ADVANCES TO AID PASSIVE SOLAR HEATING 
TRANSPARENT INSULATION 


The passive solar concepts collect energy through glazing 
to be absorbed in a thermal storage mass at low temperatures. With 
conventional building materials these concepts have draw backs, the 
glass will lose heat by radiation, the thermal storage will have to 
E massive because of the low temperature, and the system will have 
temperature swings through out the days operations. Some technical 
advances that have been developed to help eliminate these disadvantages 
are the transparent insulation, the optical shutters, the movable 
insulation and the phase change material. The heat mirror will 
allow short wave solar radiation through, but be an insulation to 
thermal radiation. It is a thin transparent optical film which can 
be applied to glass or plastic glazing material. Depending on the 
application,the thermal losses can be reduced by JS EO ошау 
multiple glazings are used to reduce thermal losses, which will 
meso result in a reduction of solar radiation transmitted through 
windows. As glazings are added the transmission will continue to 
decrease. The ideal heat mirror for use in passive solar applications, 
should be as shown in exhibit 25. 


HEAT MIRROR 


BosNUeato mirror coating will transmit solar radiation, .3 microns 
to 2.5 microns, and be highly reflective to long wave radiation. 
Some examples of characteristics that can be achieved by the use of 
a heat mirror with windows are given in exhibit belov. 
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In comparing the performance of windows with heat mirrors to multiple 
glazed windows, it was found that the heat mirror was about equivalent 
thermally to adding a glazing plus air space. Condensation and frost 
on a heat mirror surface has the effect, thermally, of eliminating 
 ИПсас пітт:г. In cold climates heat mirror on single glazing 
would not be adviseable over double glazing due to the frequent 
Semaensation and frosting that would occur. 5S 


The cost of the heat mirror to the consumer is very important 
to how much gets put into use. The demand will affect how much is 
made and at what cost per square foot. Some estimates of cost to 
retrofit existing window to consumers, assuming high production rates, 
are $.75 to $1.50 per square foot, if homeowners installed,and $1.50 
ШИ? 50 per square foot if professionally applied. Heat mirror on 
new windows should add from $1.5C to $3.00 per square foot to the 
EU cost. With the cost of adding additional glazing in the range 
ES 2.00 to $4.00, it is apparent that heat mirror coatings can be 
potential competitors. The primary factor in decreasing cost is 
whether there will be sufficient demand to cut production costs. 5S 


SOLAR MEMBRANE 


The solar membrane is another type of transparent insulation. 
The solar membrane is made from a plastic film that has a unique 
combination of properties possessed by neither glass nor other 
plastics. The solar menbrane has a transmission of solar radiation 
of 95%, which means less reflection losses than glass or other plastics. 
The transmission also falls off less rapidly with increasing angle 
Semancidence, than it does in other materials. The solar membrane 
has a transmission of thermal radiation of only 13%, which is lower 
than all other plastics. Solar membrane characteristics allow many 
layers to be used and still be effective for use in solar energy. 
Ht four layers separated by a 3/4" air gap are used, the heat loss 
Seerricient will be 0.21 BTU/sq. ft./hr. F for upward heat flow, the 
worse case, and still transmit 82% of solar radiation. This com- 
bination of solar membrane can give a flat plate collector saturation 
temperature of 400 F without concentrators, vacuums or selective 
Packs. The solar membrane has characteristics that can make it very 
useful in the field of solar energy. The solar membrane is available 
at 35¢ per square foot in larger than 1,000 square feet quantities. 
This is the same as single strength glass, but because of ease of 
installation would be cheaper in overall cost. If the solar membrane 
is purchased in 200 square feet or larger quantities the price per 
square foot is $3.00. 5U 


OPTICAL SHUTTER 


CLOUD GEL 
The optical shutter is a material that will vary its transmission 
Beesolar radiation as a function of temperature. A plactic has been 
E eloped which will function in this manner, Cloud Gel. Cloud Gel 
will allow solar radiation to pass as long as the material stays below 
the set point. At the set point the plastic will turn opaque white, 
Enus reflecting all the solar radiation. When the material cools down 
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it will turn transparent again. The purpose of this type of material 

is to help pervent overheating that can occur in passive systems. The 
switch from transparent to white and back again will occur instan- 
taneously over a three degree celisus temperature change. The set 

point can be tuned to any value between 0 degrees and 100°C, by 
adjusting the proportions of its constituents. Cloud Gel is inexpensive 
to manufacture, making its use in passive solar energy desirable. 5D 


PHASE CHANGE HEAT STORAGE 
THERMOCRETE 


Another material that can be effectively used in passive solar 
concepts is the use of phase change materials for thermal storage. 
The unique characteristics of phase change materials is that a large 
amount of energy can be stored at one temperature. The temperature 
will be that at which the material is going through a phase change. 
A problem with most material is that it will remain a liquid when 
cooled a bit below its freezing temperature, because of the lack of 
a seed for the crystal to grow from. Amother problem with most materials, 
in the liquid state, will be a container to keep things from getting 
messy. The problems can be overcome by incorporating the heat storage 
material into the very pores of a foamed concrete. The concrete 
will function as the seed to initiate crystal growth, and also serve 
as the container for the heat storage material. A concrete has been 
developed with phase change properties, Thermocrete, Calcium chloride 
is the phase change material for melting a room temperature. Other 
salts can be used to produce melting temperatures between 0°C and 
100°C. Thermocrete can store twenty times the energy as ordinary 
concrete. The compressive strenght of Thermocrete is one thousand 
pounds per square inch, approaching ordinary concrete. 50 


PARAFEIN BASE 


Another type of phase change material is the paraffin base 
material. There has been tests conducted to determine if a paraffin 
base material could be used effectively in a passive system. Results 
of test to date have indicated that the paraffin based material could 
be used to collect and store solar energy. The materials developed 
can store up to 250 BTU/sq. ft. Another benefit of using a paraffin 
based material is that when it is liquid it is transparent, giving 
it the ability to function as a window. There is on going work in this 
area, to try and produce an even better material. The paraffin 
based material will be inexpensive. 5X 


POLYHEDRAL WALL 


The Trombe Wall, with phase change material used for thermal 
storage, can use a polyhedral (honeycombs) plastic cover instead of 
glass. The polyhedral plastic will transmit more than 60% of the 
solar radiation and act the same as an inch of thick foamed plastic 
(R-4 or higher). The polyhedral plastic will have to be made from 
a plastic that will not be attacked by solar radiation. The polyhedral 
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plastic will be inexpensive, and when combined with a phase change 
material gives an effective passive solar system. There is further 
experimental work going on in this area. 5 


SEAT MIRROR, CLOUD GEL, AND THERMOCRETE USED TOGETHER 


The heat mirror, Cloud Gel and phase change materials can be stacked, 
ЕЙІН ехпіріс 26 , to produce an effective passive solar collector. 


Thermocrele Block 







Nr Passages < 
EG be Used to, 5 


herî с E | > Cloud Gel 


Heat Mirror 


Јо Clear Plastic 


EXHIBIT 26 


On a sunny day the solar radiation will pass through the heat mirror 
and Cloud Gel and be absorbed in the Thermocrete. The Thermocrete 
will start to melt, when all the material has melted the temperature 
will raise causing the Cloud Gel to turn white, if set temperatures are 
correct. At this time the Thermocrete is completely charged, and 
Meevented from overheating. The Cloud Gel will not be affected by 
outside temperatures because it is shelded by the heat mirror. The 
Thermocrete will thus slowly freeze, but stay at one temperature. If 
the Thermocrete melts at 70°F and it averages 30°F outside, and there 
are two layers of heat mirror, in a 24 hour period only one third of 
an inch will freeze. Calculations show that on an average January 
day in Boston, there will be sufficient solar radiation to melt two 
thirds of an inch of Thermocrete. Thus with this type of system 

1t can be seen that even in the terrible New England winters it can 
maintain a comfortable 70°F.50 


MOVABLE INSULATION 
NIGHTWALL PANEL 


Movable insulation is often used in passive solar systems to 
prevent the loss of heat when the sun is not shining. There are 
many kinds of movable insulation, ranging from very simple to complex. 
Four different types will be described to give an indication of what 
has been develpoed in this area. The night wall panel is simply a 
lightweight rigid insulator that is attached directly to the window, 
when there is no solar radiation. The panel can be held in place 
with magnets or some other convient method. The night wall panel 
allows single glazing to be used, in a passive system, which will 
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allow greater solar energy into the house for use in heating. The night 
Wall panel can also be used to keep solar radiation from overheating 

HN Nhouse. Tests conducted with night wall panels, including edge effects, 
showed that an effective thermal resistance of 3.12 can be obtained 

from a one inch beadboard, including the value for the glass. 5cc 


BEADWALL 


The beadwall uses tiny styrene beads that are moved from storage 
to fill a gap between window glazings when needed. A vacuum cleaner 
motor is used to transport the beads. The motor is automatically 
controlled so that when the sun is shinning the beads will be in 
storage. Exhibit 27 shows a beadwall system. There was no thermal 
resistance value given for the beadwall. 5CC 


EXTERIOR SHUTTERS 


Exterior shutters can be used many ways, and is an effective 
and often required insulation for passive solar systems to operate 
properly. The thermal resistance obtained will depend of the material 
used and how all the edges are sealed. An added benefit of increasing 
the solar radiation collected, can be obtained if the shutters are 
designed and used correctly. 


SELE=INFLATING CURTAIN 


The self-inflating curtain is an automated device capable of 
providing an efficient movable insulation for glazing areas, especially 
for Trombe Walls. The curtain is automatically put in place when 
ШЕГЕ 15 по solar radiation. The curtain will then inflate from the 
hot air raising. The hot air will be intercepted by vents in the 
ĉürtain, creating an increase in pressure and inflating it. How 
thick the curtain will inflate will depend on the mechanical stiffness 
of the material and the gravitional forces acting on it. The curtain 
will be stored in a roller above the wall. As the curtain is rolled 
up the air is evacuated through the side channels and the slots at 
the bottom of the curtain. The curtain consist of a number of layers 
of thin flexible material of high reflectivity and low emissivity. 
When the system is inflated it will reduce the heat loss through the 
windows. An important consideration is the area of glass to be 
Povered. If a large area of glass can be covered by a single curtain 
it will give the minimum infiltration rate, by keeping the linear 
feet of crackage to a minimum. A small curtain tested had a thermal 
resistance of 9. This was considered low because it was a small 
curtain, which will give too high of a infiltration rate. It was 
conservatively assumed that a curtain that would be used on an actual 
er cem would have a thermal resistance of 12. The cost of a curtain 
20 feet by 17 feet is $4.28 per square foot installed. To determine 
the payback period a curtain was used on a Trombe Wall with double 
glazing in a 9,000°F day climate. The curtain was assumed to have a 
thermal resistance of 9, which is low. The payback period for Aspen, 
Colorado, with an electricity rate of three and a half cents per 
Pemowatt hour and an increase in cost of power of 15% per year for the 
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next five years, is 4.2 years. Considering the improved performance 
Миле cost of the curtain, this is an effective movable insulation. 


HEAT PEPE 


A technique that is being tested is the use of heat pipes in 
combination with a water wall, concrete wall and paraffin wax wall. 
The characteristic of heat pipes that is useful in passive solar system 
is its thermal diode effect, allowing the flow of thermal energy in 
onedirection only. The heat pipe will take heat from one end and 
give off heat on the other end only, with the reverse flow prohibited. 
The heat pipe used in a passive system is shown in exhibit 28. 5 


The absorber plate, with heat pipes attached, will collect solar 
energy. The heat pipes pointing up through the insulation into 
the thermal mass will transfer the collected solar energy to the 
thermal mass, when the absorber plate is warmer than the storage. 
At night or when cloudy the absorber plate will cool down, but 
because of the thermal diode effect will not drain the storage. This 
system will not need movable night insulation, because there is a 
permanent insulation material between glazing and storage. Another 
advantage of this system is that whenever exterior conditions allow 
the absorber plate to cool there will be insulation in place, unlike 
Bremer systems. In test conducted the water wall gave the best per- 
formance, but the paraffin wax wall and concrete wall performance 
were close. When a water wall with a heat pipe was compared to a 
water wall without a heat pipe, it was found that up to more than 
twice the useful heating output could be obtained. The single glazed 
water wall with heat pipes had an output that was nearly twice the 
output of a simple, no night insulation, double glazed water wall. 
The use of a heat pipe in passive solar systems will need further 
work to determine the optimum configuration and number to use. The 
heat pipe appears to be a very reasonable devise to use in combination 
with thermal storage walls.5 
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WINDOW 
WINDOW DESIGN 


Windows in passive solar design is very important. To get an idea 
of how important windows are in the useage of energy, there is about 
one third of the nations energy consumed in buildings (residential 
and commercial). Of this energy consumed two thirds can be affected 
by windows. Therefore, the proper performance of window is very 
important in the field of energy used in buildings. The six energy 
control functions of windows are passive solar heating, daylighting, 
shading, insulation, air tightness and natural ventilation. Recognizing 
these six functions, one can begin evaluating how a window's per- 
formance can be improved. The following stratagies, in window design, 
will be discussed concerning improvement of window performance; 

Site design, exterior appendages, window frames, glazing, interior 
accessories and building interior. Site design is important because 
by altering local solar, wind or air temperature the thermal perfor- 
mance of a house can be improved. An example of a site design that 
will improve a windows performance is the windbreak upwind of a house. 
This stategy functions because wind direction in an area is usually 
the same during Seasons. With the winter. winds coming from essentially 
one direction, a windbreak can reduce the infiltration rate and con- 
vective heat losses. The infiltration rate is reduced because the 
windbreak will decrease the wind pressure on the joints and crakcs 

of the windows. The convective heat loss will be less because with 
less air movement across the window the boundary layer will be more 
effective in its thermal resistance. If a planted windbreak is going 
to be used, it should be located downwind a distance no further than 
one to one and a half times the building's height. A fence windbreak 
Should be located closer, and allow part of the wind through. By 
allowing some wind through the fence, the turbulence of a solid fence 
will be evened out. If the wind's direction changes for summer, the 
@eeling affect will be maintained. 5BB 


The use of exterior appendages is very valuable in window design. 
The appendages can give daylighting, natural ventilation, increased 
insulation, and shading, depending on how they are used and what 
effect is needed. During winter when the sun is shining the appendage 
can be opened allowing light and solar energy into the house. At night, 
or times of no sunshine, the appendage is closed creating an air space 
and along with appendage itself will be about equivalent thermally 
to adding another glazing. During summer the appendage can be used 
to shade the sun's energy and allow natural ventilation. Reflected 
ground light will be admitted to give some daylighting. The exact 
type of exterior appendage will determine how effective each of the 
factors are in improving the windows performance. 5BB 


The frame design is important to window performance for several 
reasons. How much lineal feet of framing there is will affect how 
much infiltration is allowed into the house. The larger windows 
will let in more solar energy in comparision to the infiltration 
EEE Cim а smaller window, but the amount of conductive losses will 
be greater in the larger window, unless night insulation is used. 

It i$ for these reasons that the sizing of the window area, along 
Poem Window perimeter, should be carefully designed to give optium 
energy gain. The direction a window opens will be important in 
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allowing air to either enter or leave the house. Also of importance 

КОШУ пасы performance is the tilt of the frame. By tilting the 

window frame towards the ground the summer load can be reduced and 

the winters solar gain largely unaffected. The summer load is reduced 
for two reasons, the amount of direct solar energy allowed to strike 
the window, and the amount of solar energy allowed through the window. 
With glass the solar transmissivity is greatly reduced for angles of 
incidences greater than 57 degrees. In summer, with the sun higher 

in the sky, a greater than 57 degree angle of incidence can be obtained 
Dusche correct tilt. Also to be considered in the tilt is to insure 
that less than a 57 degree angle of incidence is maintained during 

the winter. If the above tilt can be obtained the amount of solar 
energy allowed through the glazing will be essentially unaffected 
during winter, because the sun is lower in the sky, and greatly reduced 
during the summer. 5BB 


The glazing is the last chance to stop adverse climatic forces. 
Single glazing has been greatly used throughout the United States 
and is the least effective in controlling climatic forces. What 
can be done with multiple glazing will be discussed later. An often 
overlooked glazing material is the glass block. The glass block 
has some unuSual properties that can be effectively used in energy 
conservation. The U value of glass block can be as low as 0.44,if 
a double air cavity is used. The larger the face area is the better 
the performance will be, because of infiltration. The glass block 
also has substantial mass, which can be used to store some heat, 
which then can be radiated into the house at a later time. How much 
light is transmitted can be controlled, along with the direction the 
light comes out of the block. Therefore, the solar energy could be 
allowed to penetrate further into the room and onto more mass. What 
kind of glazing is used will effect the amount of solar energy admitted, 
the amount of daylighting obtained, and the amount of insulation 
provided for heat loss. 5BB 


Interior accessories are numerous, and varies greatly in how 
they effect the performance of windows. One advantage to interior 
accessories is their accessibility. An interesting accessory that 
can be used on any south facing window is the Ark-tic-seal. The 
system consists of a guide frame with three film shades; one heat 
absorbing, one reflective, and one clear. During winter days the 
heat absorbing and clear shade are lowered. The solar energy will heat 
up the heat absorbing film. When the air is warmer between the shade 
than the room temperature a vent opens, allowing the air into the 
living space. When the air cools down lower than room temperature 
the vent will close.  At-night all three shades are lowered providing 
an effective insulator. The window can also be used during the summer 
mer cooling. This accessory, by collecting and distributing solar 
heat at the window vice the living space, alleviates the problem 
Sreiapric fading and glare from direct sunlight. At night, this device, 
by providing a good insulator, greatly decreases the windows losses. 5BB 


The building interior will greatly determine of what use the 
admitted solar energy is to the house's heating load. How the window 


is used in the basic concepts have already been covered. An idea 
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that can be used in just about any house, is to place some thermal 
mass by the window to store what solar energy is admitted into the 
house. Water can be used for this very effectively. The above 
strategies give some idea of what should go into the design of a. 
window for a house, for them to be effective in energy control. 5BB 


THREE GENERATIONS OF WINDOW DEVELOPMENT 


The glass used in windows have gone through essentially three 
generations to date. The "first generation" is the flat clear glass 
used in most houses. If this glass is used as a single glazing it 
memnot very effective for use with solar energy. It will allow 
the most energy through, but also has the lowest U value. Multiple 
glazing can be used to increase the U value, but the amount of solar 
radiation allowed through will be decreased. The "second generation" 
is^ the use of heat absorbing and glare reducing tinted glass. Their 
function is to reduce excessive solar brightness , like putting 
sunglasses on a building. They can also have low U values. There 
is also some special low absorbance glass to give high solar energy 
transmission. This kind of glass is usually used in solar collectors. 
The "third generation" glass,are those with reflective characteristics. 
A thin reflective film is applied to the glass. This type of glass 
can have a range of reflectance, absorbance and transmission properties. 
The successive generations of windows show the increased consideration 
of the solar energy in glass advancement, which should result in better 
performing windows. 5T 

ENERGY TRANSPORT CONTROL IN WINDOWS 

A new concept in window systems designs, uses a larger than 
normal interpane separation, with venetiabD blind-like convection 
inhibiting and radiation-controlling arrays: Exhibit 29 is a 
schmatic of a between-the-glass convection-radiation control system. 
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More than one array can be used in a window . When more than one 
array is used, a higher R value is obtained and greater operational 
flexibility is achieved. The arrays can be arranged so that the 
maximum amount of solar energy is admitted into the house, and so 
that the solar energy is directed to the thermal storage within the 
house. In tests conducted with this type of window system, U values 
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of 0.1 BTU/hr/sq. ft./°F in the nighttime mode, and 0.2 BTU/m/sq. ft./9?F 
in the solar acceptance mode have been obtained. Even smaller U values 
appear to be achievable. This type of window system can make the 
window, vsually an overall deficit to the house's heating load, an 
asset. This window system is a good example of what can be done to 
improve the performance of windows, a very important part of passive 
solar heating systems. 5R 


At present multiple glazing is the usual method used to improve 
the U value of windows. The primary disadvantage to using multiple 
glazing is that as the U value decreases, with added glazings, the 
precent solar radiation transmitted decreases. Exhibit 30 
shows how the precent solar radiation transmitted and U value varies 
for different number of panes. Exhibit 30° indicates that multiple 
glazings can be effective in controlling heat loss on the windows 
not used for collecting solar energy. As previously covered, there is 
work going on to try and improve the characteristics of windows for 
use in a passive solar system. When the disadvantages of glass are 
overcome, with the advantages maintained, the performance of passive 
solar systems will be improved. 5 


WINDOW QUILT 


Window coverings can greatly improve a windows thermal performance. 
As mentioned earlier, there are many different kinds of window covers. 
Most coverings are designed to work with windows associated with a 
passive solar system. A concept that can be used on any window is the 
window quilt insulating shade. The window quilt has five layers, 
consisting of two layers of polyester batting separated by a vapor 
barrier of metalized polyester film with a decorative covering. The 
mounting hardware is designed so the the shade can be moved up and 
down and have the edges sealed. When the shade is all the way down 
the perimiter of the sahed is sealed. The shade performance is as 
follows; 


1l. Window Quilt applied to double hung single glazed window 
ИШ К ле 3.15 BTU/sq. ft./Hr/ "EF without window quilt 
peu value 2.30 .BTU/sq.ft./hr/*F with window quilt 


2. Window Quilt applied to air tight fixed single glazed window 
И alu 19S BTU/sq. ЕСО пе, E without window quilt 
Ји value 0,23 BTU/sg. БЕ. НЕСЕ wich window quilt 


The payback period will depend on how consientious the user is, 
but should be from 2 to 8 years depending on weather conditions. A 
nice feature with this insulating shade is that conventional shades 
can also be used with it to make an attractive window. 50 
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THERMAL DATA REQUTREMENT AND PERFORMANCE EVALUATION 


Perhaps-the weakest area in passive solar heating technology is 
in predicting a systems performance. There are simplified techniques 
and computer programs which are designed for specific passive solar 
concepts, but when combinations or hybrid systems are used the 
techniques have to be modified, which usually requires a working 
Knowledge of both computer programming and heat transfer. To further 
complicate the problem, when passive solar concepts are combined their 
performance is not always the sum of the individual concepts. This 
lack of workable methods to simulate the performance of passive solar 
systems has resulted in passive solar heating getting a bad name, 
because of inadequately designed building being uncomfortable. The 
Siluation is improving becasue of experience gain from houses with passive 
solar systems. Therefore, a standardized method of evaluating passive 
solar systems should be developed, so that systems designed will 
give at least adequate performance and preferably the maximum per- 
formance. The procedure may require a computer, but it should be 
a canned program that can evaluate any of the passive solar concepts, 
combination of, and or hybrids by simply changing parameters. Another 
problem with simulating passive solar systems is the need for hourly 
weather data, which is very time consuming. There has been a procedure 
proposed by D. W. Low to greatly reduce the required weather data. 
The procedure reduces the years hourly weather data to three ; 
"weeks" of hourly data. This procedure has been tested and can 
produce results that are 99.6% accurate at about 6% of the cost of 
100% accuracy. A description of the procedure is presented in reference 1. 
Conceivable if a canned computer program as described above, could 
be developed along with reduced weather data, the optimum passive 
solar System could be determined for a particular area. 


STANDARIZED EVALUATION PROCEDURES 


The National Bureau of Standards, at the request of the Department 
of Energy, is putting together a document that will standardize the 
evaluation of passive solar systems. The scope of the documents 
is as follows; 


1. Establish pertinent performance factors. 

2. Determine the type, accuracy, range and frequency of required 
measurement. 

identify appropriate instrumentation. 

4. Recommend data analysis and reporting techniques 


From the results of the project the evaluation of the passive solar 
system should be able to; 


Determine energy savings of fossil fuel and electrical power. 
Мрвеш те the fraction of the building's hot water, heating 
and/or cooling load contributed by a passive system. 

Evaluate passive components thermal characteristics 

Determine the building's comfort level 

. Determine the extent of occupan interaction required for 
functional performance or other operational requirements. 


(Y he 


іл г (5, 
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р. Determine the system degradation for the measurement period, 
ШЕКЕ Бота Етап and other ambient environmental data for 


designing and evaluation purposes. 
For further datails on the project refer to reference 5V. This kind 
of work is the kind needed to get passive solar systems more fully 
accepted, and should result in easier designed systems that provide 
acceptable comfort conditions to homeowners. 5V 


SIMULATIONS 
SIE EETETEDSTECHNEOUE /CROSTEY HOME 


A non computer method of predicting the annual performance of a 
passive solar system with minimal heat storage has been performed on 
the Crosley Hone, by Andrew M. Shapiro. The method uses average 
monthly sun and temperature conditions from available weather data. 
The month is then broken down to full sun days and non full sun days. 
It is considered that on full sun days there will be an excess of solar 
energy available. The average monthly and daily heat loss is calculated 
using standard procedures, For a full sun day one starts at a given 
hour, and calculates the heat lossed and gained during that hour. If 
there is any extra energy available the surplus is carried to the next 
hour as heat stored. All heat storage in the house is treated as 
an isothermal mass at the temperature of the interior of the house. 
When there begins to be a surplus of energy the house will begin to 
raise in temperature. The greater temperature will cause a greater 
heat loss, because of the greater difference in temperature. The 
increase in heat loss is tabulated separately from the heat loss if 
the house stayed at 20°C. For the next hour the heat loss due to 
increasing the interior temperature is subtraced from any surplus 
energy available, whatever energy remains is added to the next hour. 
This process continues until the heat storage reaches full capacity. 
Peetull capacity any additional solar energy is not allowed into 
storage (dumping). Losses due to any increased interior temperatures 
(overheating) or dumping are totalled separately. Ас this point the 
only sun heat being used is that which is keeping the house at р С. 
If a person did not want to dump as much solar energy, additional 
thermal mass could be added to the house. After the sun goes down the 
heat stored in storage will be released until room temperature is 
reached. The heat from storage will be equal to the heat loss for that 
hour, which is the heat loss at 20°C and any heat loss due to the 
interior being at a higher temperature. One full sun day is done 
for each month using average maximun, minimum and mean temperature, 
and average clear-day radiation. The average monthly gains and losses 
over the heating season are tabulated as follows: 


1. Average heat loss in absence of sun and average gain from 
Sun are figured from the average daily figures, for loss and gain, 
multiplied by the number of days per month. 

2. Full sun day totals for overheating and dumping are multiplied 
bythe numbers of clear days in the month. 

3. The results of 2 subtracted from the monthly average gain from 
the sun will give the useable sun heat. 
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4. The useable sun heat subtracted from the heat loss in absence 
of the sun will give the needed supplementary heat needed. 


Exhibit 31 is a graph of the above procedure used on the Crosley 
Bemestor a full sun day in December. Although this is a simplified 
method to simulate a passive system, it is obvious that it will be 
time consuming to perform. Considering the cost for the time to work 
this method makes the computer simulations more attractive. The problem 
with computer simulation is that they are as of yet not flexible 
enough to be used on any system but what they were designed for. The 
computer programs can handle some modifications but it will usually 
mavolve modifying the basic program. This kind of modification will 
require computer programming and heat transfer knowledge. A computer 
program that can give results for many different passive solar systems 
by modifying input parameters is very much needed. 


COMPUTER SIMULATION /PASOLE 


PASOLE is a computer program to predict the performance of a 
Trombe Wall or a water wall. This program was select to work with 
to gain the experience of working with a canned computer program, 
and to see what kind of performance could be obtained from a Trombe 
Wall in Corvallis, Oregon. Weather data for the program was collected 
for the month of December only, for the year 1978. The winter of 
1978 in Corvallis was a severe winter. Therefore, the percent solar 
load from the computer run will be close to the minimum that could be 
expected. A copy of the weather data used is in appendix 1. Tom 
Wilson, from Oregon Department of Energy, was consulted to find out 
how to use PASOLE. Tom Wilson has used and modified PASOLE to its 
present state. 


cono PFASOLE is im appendix 2. The program can be run from 
cards or a terminal . The: terminal was selected for two reasons; 
to learn how to use the terminal and because the terminal uses less time 
between runs. PASOLE has been constructed as the source program 
with PASOLGO as the object program. Before PASOLE can be used two 
files have to be created. A weather file and a command file. The 
weather file was created from cards in the following format: 





COLUMN DESCRIPTION UNITS 
8-939 Year (197) - - 
ГІ - 12 Months (1 - 12) - - 
14 - 15 Day (1- 31) - - 
17 - 18 ] Hour (0 ~ 23) - - 
20 - 23 Total solar radiation - - 

оп a horizontal surface W/M 2 
28 - 29 Wind Speed M/sec 
31 - 35 Dry buld temperature дер. С 


Hourly weather data was collected and put into a file named weather. 
The weather file has to have data for 24 hours a day. The first 
hour of the day has to be zero hour with hour twenty three as the last 
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hour or the program will not run properly. The command file can be 
easily created from the terminal, and has the following command inputs: 


CONTROLTMP (next line gives minimum and maximum control rode 
(Кате а ен о AIChE aNd dav) 1 In Mite, 1 max nite, 


T-min-day, T-max-day 


D LONGITUDE (next line gives difference in time longitu’: and 
actual longitude) 


HOURLY 10 (mext line specified starting and ending days for 
hourly output) MMDDY, MMDDYY 


LATITUDE (Next line gives latitude in degrees) 


MONTHS (Next line gives the number of months the simulation is 
E6 bE Tun.) 


RESNIGHT (Next line specifies R-value of night covering insulation 
oI Vall. Units are Јо ви Esq. fe.) 


STARDATE (Next line specifies the starting date of simulation, 
MMDDYY format) 


U LOAD (Next line gives the load value of house normalized by 
eher eollector area, house load/collector area (BTU/hr/?F/ 
sq. ft. of wall).) This value is usually about one. 
VENTS (Next line gives vent status, 0 = no vents, 1 =-vents always 
open, 2 = no reverse flow, 4 = Thermostatic vent control. 
Default = 0 
AUX COOLING (specifies whether auxiliary cooling will be used 
On the terminal a number of command files can be created so that 
runs with different parameters can be easily run. An example of a 
command file created on the terminal is as follows; 


Note; Underlined material to be entered at terminal 


1. Log onto terminal 


Control A : 
2. J/EDIT, COM (Com is command file name) 
3. Begin text editing 

4. ТА 

SE Enter text 

6. ? / CONTROL TMP 

2987550. 75. 65: 13: 

See D LONGITUDE 

QT UU 

IO HOURLY I Ø 

МР 20178, 123178 
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Pe LATITUDE 
ШЕ 2 44,55 
14. 2? MONTHS 
ore. 

kore. RESNIGHT 
ШЕ. 73 

IE? STARIDATE 
ШОН 120178 
woe? ULOAD 
AEn? l 

БОК? VENTS 
Ж 7 2/ 

24. Ready 

Bo.) 7 END 


26. End text editing 
ees EDIT, COM. 
О ЗАМЕ, COM 


Now the command file COM is created and can be used in PASOLE. The 
data for the commands can be loacted anywhere on the next line for 
that command. 


with the weather and command files created PASOLE can now be run. 
The following steps are used to run PASOLE and have the results printed 
en the computer printer. 


Note: Underlined material to be entered at terminal. 


Lot onto terminal 

n EDIL, 100 (sufficient for one months data) 
SSSEMM, 100 

/ GET,WEATHER, COM 

/ GET, PASOLE/UN = (file # where PASOLE stored) 
NE PASOLE, L= 0, B = PASOLGO., OPT =2 
· / SAVE, PASOLGO 

/ ATTACH, IMSL/UN = LIBRARY 

9. / X, LIBRARY = IMSL 

lg i brary =- IMSL 

ШО ОООО РЕТ У Риг in title desired for output 
IM CPASOLGO, PFIL 

MEP seconds execution time 

ES ROUTE, PFIL,DC = PR 

15. Route, Complete 


16. / ВҮЕ 


Со з Оу Un f£ ww N н 


At this stage PASOLE will be run and the results printed on the printer, 
with the input of the weather and command file used to give the 

output. One month of data will take about 43 CP seconds. The ULOAD 
and RESNIGHT commands where considered the most important as far as 
system preformance was considered. The following values for ULOAD 

and RESNIGHT were used to obtain the precent solar load from PASOLE. 
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ULOAD RESNIGHT PERCENT SOLAR 


1 1 о? 
125 3 1209 
1 3 1:753 

> 3 20/555 
1 9 8.61 


inefactual printouts for these runs are in appendix 3. The above 
results show that the percent solar can be changed greatly by changing 
the values for ULOAD and RESNIGHT. The lower value of ULOAD in an 
memea or of a tighter house as far as infiltration is concerned. 
The higher value of RESNIGHT means there is less loss of heat at night. 
To maximize the performance of a Trombe wall, ULOAD should be a minimum 
and RESNIGHT a maximum. 

The PASOLE program can simulate a Trombe wall or a water wall, 
but to change from Trombe wall to water wall requires modifying the 
base program. There is an on going attempt to create, from PASOLE, a 
program similar to F-chart. This program will be of greater use for 
designing passive solar systems. A description of PASOLE is is Appendix 4, 
it is essentially a thermal network solution. 


ENZEUATTION OF PASSIVE SOLAR HEATING SYSTEM PERFORMANCE 
Once a passive solar system has been built, how does the user know 
how well the system is performing. Bristol L. Stickney has devised 
a simple method to evaluate a passive solar system5 performance. The 
method requires only a pair of maximum minimum recording thermometers. 
At present the method is applicabie to winter heating only. The pom wane 
are definitions of symbols used in the evaluation process. 
ITMAX-Indoor air temperature maximun 
ІТМІМ - Indoor air temperature minimum 
OTMAX - Outdoor air temperature maximum 
OTMIN - Outdoor air temperature minimum 
ITR - Indoor temperature range 
ІТМАХ - ІТМІМ - ITR (equ. 1) 
OTR - Outdoor temnerature range 
МС = ОМ = OTR Cequ. 2) 
RR ~ RANGE RATIO 
UIR OTR = RR (eq: 3) 


OTDY (Delta Tee Daytime) The indoor-outdoor temperature difference 
during day 


ITMAX ~ OTMAX = OTDY (equ. 4) 
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OTNT (Delta Tee night) The indoor-outdoor temperature difference 
during the night 


ITMIN - OTMIN = OTNT (equ. 5) 
OTAV Delta Tee average 
Compr + ОТЫТ) /2 = ОТАУ (еди. 6) 
ITAV - Indoor temperature average 
(ITMAX + ITMIN)/2 = ITAV (equ 7) 
OTAV ~ Outdoor temperature average 
(OTMAX + OTMIN)/2 = OTAV (equ 8) 


The thermometers should be placed in a shaded area, inside and out- 
side, and reset so that no previous measurement will be recorded. 
They should be set up in the morning between 7:00 A.M. and 9:00 A.M. 
and left for 24 hours. At that time ITMAX, ITMIN OTMAX and OTMIN 
Should be recorded. The data can be taken for any day, but a cold 
sunny day will tend to give the most meaningful results. A cold 
sunny day will tend to drive up the indoor temperatures and tax the 
limits of the storage mass. 5W 


Once the four initial temperatures are obtained, the remaining 
eight parameters can be derived from quaions 1 through” 8, ITR and 
OTR establish the limits of the indoor and outdoor temperature 
fluctuations. RR establishes a reference number that indicates the 
IES Of the buildings response to these fluctuations.  OTDY, OTNT 
and OTAV indicate the building response to raises, drops and fluctuations 
in outdoor temperature respectively.  ITAV is an indicator of the 
average comfort level indoors and OTAV indicates the average severity 
of the outdoor. The absolute accuracy of these parameters are not 
necessary. Once the eight parameters are obtained interpreting them 
is difficult. Bristol L. Stickney has devised a chart to easily 
interpret the meaning of the parameters. Exhibit 32 is the chart 
devised by Stickney. 5W : 


The RR and OTAV values are used to determine how the system is 
performing. The OTAV value is plotted on two parallel lines offset 
memeive the limits of fluctuation on the OTAV scale. The OTR scale 
is used to set the upper limit of the RR values. The OTAV scales 
ENUSOTR scale will line off a comfort zone, zone A, zone B, zone C, 
Ene D. zone E and zone Е. By plotting the point where the RR value 
and OTAV value cross, the performance of the system can be determined. 
The best performance would be the center of the comfort zone, but as 
mame as the point is within the comfort zone the interior temperature 
Stayed within comfort standards (60 to 75°F) What is indicated if 
the point is within one of the other zones is as follows: 


ZONE A — RR too high, OTAV is too low 
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Bristol L.. Dy (CK Ney 
Performance Chart 


Range Ratio RR 


OTAV (°F) 


OTAV IPF) 





EXHDBIT 32 
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The thermal contact between the storage mass and the collector 
is inadequate 

Add more storage mass and/or more sunlit storage surface area 
Add more insulation to improve the inadequate thermal 

envelope of the building. (i.e. night shutters, roof and wall 
insulation) 


КОЧЕ В = RR is too high OTAV is O.K. 


More storage mass and/or sunlit mass surface area is needed. 
Venting overheated air and/or shading the south of the building 
may be necessary. 


ПЕ С - The RR is too high.  OTAV is too high. Same as ZONE B 
ZONE D = The RR is O.K.  OTAV is too lov. 


The building needs more collector area. 

A better thermal envelope is needed. 

Add insulating shutters and/or more in the walls and roof. 
Remove any southern shading devices. 


EEE The RR ís low ОТАУ 15 О.К. 
There is no solar gain. Either the building is being heated 
by storage discharge, or a thermostatic space heater is in 
Operation. 
ZONE F - The RR is O.K. OTAV is too high. Same as ZONE В 
1 
This system can be used on any type of passive solar system in any 


location, and is very easy to use. This type of evaluative procedure 
is needed if passive solar systems are going to be generally accepted. 5W 
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The thermal contact between the storage mass and the collector 
is inadequate 

Add more storage mass and/or more sunlit storage surface area 
Add more insulation to improve the inadequate thermal 

envelope of the building. (i.e. night shutters, roof and wall 
трена слон) 


SEE =. RR is too high OTAV is O.K. 


More storage mass and/or sunlit mass surface area is needed. 
Venting overheated air and/or shading the south of the building 
may be necessary.: 


ШЕ С — Ihe RR is too high. OTAV is too high. Same as ZONE B 
ШЕТ The RR is О.К. OTAV is too lov. 


The building needs more collector area. 

A better thermal envelope is needed. 

Add insulating shutters and/or more in the walls and roof. 
Remove any southern shading devices. 


UNE = The RR is low OTAV is 0.К. 
There is no solar gain. Either the building is being heated 
by storage discharge, or a thermostatic space heater is in 
operation. 
ZONE F - The RR is O.K. OTAV is too high. Same as ZONE B 
7 
This system can be used on any type of passive solar system in any 


location, and is very easy to use. This type of evaluative procedure 
is needed if passive solar systems are going to be generally accepted. 5W 
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CONCLUSION 


Memes point іс would normally be approriate to present 
why passive solar heating is the desirable way to go. To do this 
would mean trying to point out how passive systems are better than 
active ones. This type of thinking has created two sides, when there 
mula Only be one. Initially separating the solar concepts into 
passive and active was probably good, in that a concentrated effort 
could be put into each side. As stated by Richard S. Levine, it is 
time to start using an integrated approach to solar designing, one 
that would take the best from both passive and active systems to 
come up with a 100% solar heated house, except for pumping power and 
controls. Our present state of design is like the first powered 
vehicle, the horseless carriage. The horseless carriage had an 
internal conbustion engine on a vehicle that use to be pulled by a 
horse, which was an awkward arrangement. With time an integrated 
approach was taken and the Model T came out, which is what is going 
to have to happen to solar design. An example of how a non integrated. 
approach can lead to not the best design is the F chart progran. 
The F chart program is very popular and accurate within the range it 
was designed for, but it is only designed for active systems and 
EM s accurate results only for solar systems that will provide 
up to 70% of the heating load. These assuptions are obsolete, 
because it is possible to design a cost effective house that receives 
all it's heating, cooling and hot water needs from solar energy. 
It is therefore time for solar design to get out of its infancy and 
start advancing towards an integrated approach. Once this design 
becomes accepted the two sides can work together, and start to quickly 
advance solar design. The Raven Run Solar House has been designed 
from an integrated approach to supply 100% of the heating from solar. 
This house has active and passive collectors side by side on the south 
wall to optimize the solar collection. The integrative design concept 
goes beyond maximizing solar collection and storage to what the house 
is made of, how it is constructed and site conditions. At present 
the biggest problem with integrative design is the design itself. 
There will have to be simplified design procedures developed before 
solar energy systems become generally accepted. A possible hindrance 
to integrated design being accepted is that passive systems have been 
thought as for architects, and active solar systems for engineers. 
This kind of thinking will have to be rejected, with both engineers and 
architects working together. Together is the key word, everyone 
working towards a common goal. 5A 


There has been some advancement of materials that can improve 
the performance of solar systems. These materials can be very use- 
full, but unless solar design becomes generally acepted there will 
be no market for them. At this stage then, it will be important 
to take the steps that will begin to make solar design accepted. 

The more accepted solar design becomes, the more incentive there 

will be for improving materials for solar systems. A weak incentive, 

by the governments, is the tax incentives. The problen with tax 
incentives are they encourage systems that supply the minimum 
percentage of the heating load by solar energy. When just the 

opposite should be encouraged, the use of larger solar percentage units. 
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The one area where an integrative design would not be applicable 
is in retrofitting existing houses. The active systems are probably 
best suited for use on houses already constructed. Passive systens 
can be retrofitted, but their performance will not be equilivalent 
to new construction, as it can easily be with active systens. 


Solar energy can supply a major portion of household heating needs. 
How much of the nations household heating needs will be supplied 
by solar energy will depend greatly on the direction taken by solar 
designers. Exhibit 33 shows how available energy is used in the 
United States. 2 The flow of available energy shows that the house- 
hold and commerical area is a very bad user of available energy. If 
solar energy systems could become generally accepted it could consider- 
ably improve our nations use Of available energy. This should be 
ENEUuS)derable incentive for both government and the private sector 
to push hard for solar energy use in households and commerical 
buildings. At present there is a good start, but solar design is now 
an important crossroad, if the integrative. approach is not taken, 
solar energy systems will not be very successfull. 
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PASOPE: Or NER AL SINIULATION PROGRAM 
pone solv Ee SOLAR ENERGY 


by 


Robert D. McFarland 


ABSTRACT 


The PASOLE computer program was developed to do simulations of 
passive solar heated buildings. Modeling is done using a general thermal 
network method that allows for heat sources and thermal storage. Sun posi- 
tion equations are used with a global-to-direct solar radiation correlation to 
develop solar heat sources from measured insolation data. Models of a par- 
ticular class of south-mass-wall passive buildings have been developed and 
are described in this report. 


Se) س‎ ee ee me > живине ош пе се с ЕЭС: 


INTRODUCTION 


PASOLE (PAssive SOLar Energy) is a computer program that incorporates a general, thermal 
network solution of an interconnected system of uniform temperature regions with time-varying 
boundary conditions and heat sources. PASOLE was designed specifically for detailed analyses 
of passive solar heated structures and includes algorithms for calculating solar sources in a 
general way. Because of its generality, PASOLE can be used to simulate hybrid or active solar 
heating systems. The PASOLE format allows the user to describe the thermal network model by 
specifying nodes that represent finite rezions, connections between these nodes, and parameters 
associated with the nodes and connections. These specifications are made in FORTRAN sub- 
routines in the program. PASOLE is not a standard “user oriented" program; that is, to use the 
program for other than the specific models for which it is programmed, the user must have some 
knowledge of heat transfer principles and FORTRAN programming. 

In describing the program, we will refer to a particular class of south-mass-wall (SNIW) 
passive solar heating svstems—the network models for which this version of PASOLE is 
programmed. Although PASOLE was not written specifically tor these particular models, thev 
have been used for extensive parametric analyses and serve as an example of how simulation 
models can be created. For these models, hour-by-hour simulations for one full vear, using real 
weather data, take about 1 min of central processor (CP) time on the CDC 7600, 

Most of the variables in the program are given in Appendixes A-C. The FORTRAN listing in 
Appendix D includes numerous comments. A sample output is given in Appendix E. 








Re IAL NETWORK MODEL OF PHYSICAL SYSTEM 


The svstem's physical and environmental structure is represented by a network of N nodes, 
each representing a region of uniform temperature. Each node más be connected to any other 
nade by a thermal conductance K, such that the rate of heat flow from node 1 to node ) is linear. 
(u = Ku, (T; 7 T). Each node may have a heat capacitance M and a heat source rate fF. The 
source rate E may be a linear function of the node temperature E= S+ B-T. 


The heat balance at any given node 1 at time t is 


п го ш 


Ni; (15-75) + М. (dT/dt); = ә; + 8.1., (1) 


1 


where j denotes each of the other nodes in the network system. Many of the K's usually are zero, 
but Ką is always zero for j = i. Many nodes have no heat source tern (5, = B, = 0) and many 
have essentially no heat capacity (MI, = 0). When the node is massless its temperature Is not 
directly dependent on its temperature history, so it requires a slightly different mathematical 
treatment, as shown below. 

By rearranging q. (L) to obtain the time rate of node temperature change (dT/dt),, and by 
separating variables and integrating over the time interval from t? tot, we obtain the node ten- 
perature change over time increment At by 





"E os, «B, T. NL 
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, . 
where the superscript zero denotes conditions at the "old" time, {° = t -= At. 
The average values of the integrands are assumed to be a linear function of their vaines at 
times t° and Ё. Letting I be a general integrand | 


t 
та = ло, (2а) 
E 


where l =f] + (1 — f) I*. Although f may be varied in the prograin and may take any value from 
zero to unity, a value of 0.5 usually is used because it is the most accurate and results in stable 
solutions. 

Some nodes, such as outside air temperature, have "fixed" or known temperatures at a given 
time, whereas other nodes have "variable" or unknown temperatures that must be determined. 
Let NY be tlıe nurnber of variable-teınperature nodes, NF the number of fixed-temperature 
nodes, aud N the total number of nodes. Ry inserting the integrand approximation tuto Eq. (2) 
and collecting terms that contain the unknown T,, the variable T's, and the constant terms for 
each of the NV variable-temperature nodes, we obtain a set of NV linear equations with NV 
unknowns. 
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NV 
T T; = b; : = УНУ, (3) 
J=] 
where 
m. Mon ir 
ài; f Kij ШОР 17 1% 
N 
ЈЕ = M, / dt + f E Kij - 9 о) т, 
j=1 
and 
А NF 
b, = 4, T./ot + f (5; + E x 15) 
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mom, = M, = 0, b, reduces to 


N 
Meso. +t E K.. T, 
1 أ‎ TT 


{rom Eq. (1), and f cancels out of the equation. 


SOLUTION 


Temperatures are determined using Eq. (3) and a standard linear-equation solving technique. 
In this case the Los Alamos Scientific Laboratory's (LASL) library routine LSS was used to solve 
the variable temperatures, after the values of the a and b arrays had been determined. Because 
many of the variables used to determine the a and b arrays can be functions of temperature, thus 
making the problem nonlinear, an iteration loop is provided at each time step to obtain tem- 
perature dependencies where the temperature determined from the previous time step is not 
satisfactory. This problem arises particularly for natural convection (thermocirculation or ther- 
mosiphon) connections and thermal radiation connections. 

If the coefticients ay in Eq. (3) are constant—meuning the conductances are constant-—the set 
of linear equations can be solved at the beginning of the program run. This results m a set of coef- 
ficients F,,, such that the node temperatures can then be determined by 


n 


T. = > Fi, bys i= 1, NY, (4) 
j=l 











where the b arrays are as described in Eq. (23). 

Use of this option can reduce computation time considerably for models with numerous nodes. 
In PASOLE, four sets of F's are calculated — for daytime or nighttime operation witha fixed ur 
floating "control node" temperature. 


EOETROL TEMPERATURE 


A particular temperature, such as room temperature, is monitored by a control node to main- 
tain it within prescribed bounds. At present, only one control node is allowed. When this tem- 
perature is within the prescribed bounds, the control node is a variable-temperature nude and no 
auxiliary heat source is required. When the control node temperature goes beyond a temperature 
bound during a time increment, the control temperature is fixed at the bound and an auxitiarv 
heat source is calculated to maintain that temperature. 


N 
EL & Ty TS, BT (5) 


where T, is the fixed bound temperature of the control node. In some models, the thermal con- 
ductance value of a connection to the control node can be varied within certain bounds (such as 
for proportional control dampers). This variability reduces or eliminates the need for an aux- 
iliary heat source to maintain a control node temperature bound. 

When the operating mode of the control node changes during the time step, the time step is 
subdivided and two or more calculations are made. Running sums of positive (source) and 
negative (sink) auxiliary heat sources are made. The sink (cooling) calculation ts divided ^:7*5ec 
into "ventilation" and "auxiliary" cooling, depending on whether the cooling occurs when henut- 
side air temperature is below or above the control node upper bound temperature. 

Running sums also are kept of the total heat into and out of individual nodes, the total node 
heat source and sink other than auntliary, and total connection heat flows. For bookkeeping pur- 
poses the auxiliary heating or cooling of the control node ts not corabined with any other sources 
for that node. 


ISR IAL CONNECTIONS 


The most common thermal connection is the "UA" type z 
IE | е 


where U, is the overall heat transter coetficient for connection k between nodes 1 and j. and A, 15 
the heat transfer area of connection k. Muny models have an advection connection that results 
from thermocirculation. The algebraic form of this connection conductance depends on the 
assumed temperature distributions in the legs of the circulation path and the relation between 
the temperature distributions and the temperature of the nodes that represent these legs. A com- 
mon example is a Trombe wall collector that has an advection connection between the room and 
the heated air space between the wall and glazing. I£ it is assuined that the temperature distribu- 
tion in the air space is linear, such that the air space node isat the arithmetic average of the inlet 








and outlet temperatures, and that the room air is fully mixed, the thermal conductance is given 
by Ki, = 20C,¥, where C, is the air specific heat, p is the air density, and V is tlie volumetric air 
flow rate. Because the value of Y depends ou the average air column temperatures, the thermal 
conductance is highly temperature dependent and iterations are required. 

In the example model for a Trombe wall, the thermocirculation flow is calculated by 


EN c, A vaH AT/T , (7) 


V 


where 


C, is the vent discharge coefficient —taken to be 0.8, 

Ay is the area of one row of thermocirculation vents—top or bottom (assumed to be the same), 
g is the acceleration due to gravity. 

H is the air column height, 

AT is the difference between the average temperatures of the wall/glazing air space and the 
_ room behind the wall, and 

T is the average absolute temperature of the air space. 


Equation (7) was derived by considering a driving force caused by the density difference between 
the two air columns and a flow resistance from two rows of vents in series, assuming the vents are 
the dominant resistance to air flow. The equation must be modified if there is another significant 
flow resistance, such as that to flow in the wall/glazing air space. 

For problems involving one-dimensional transient conduction, such as in thick masonry mass 
walls, an adequate inodel can be made using several internal nodes in series, in which each node 
has a part of the total mass associated with it, and massless nodes on each surface. The nodes are 
connected by appropriate conduction UA values in the direction of heat flow. Other schernes ın 
which each node has some mass associated with it may also give good results. 


INSOLATION 


Any node may have several solar heat sources with various insolation areas, glazing tilts and 
azimuths, number and thickness of glazings, and solar absorptivites. In some cases, the ap- 
plicable external insolation is read directly from the weather data file; in other cases, the weather 
data insolation is for a horizontal surface and a correction to the insolator orientation is required. 
Also required are estimates of reflected insolation and glazing transmission. The equations used 
to determine the insolation on an intemal solar coliector surface are given in Appendix A (most 
of the equations are from Ref. 1). The solar sources are added to other heat sources that have 
been specified for that node. The solar source for node i is caleulated by 


S. = QTRAN-AGLZ-ALFA , (8) 


where QTRAN is the solar flux transmitted through the glazing, AGLZ is the area of absorbing 
surface associated with nodei, and ALFA ts the solar absorhtivity of the surface. Solar radiation 
not absorbed by the surface is assumed to be lost; that is, internal reflections are not accounted 
for. 

In the present PASOLE model, glazings of the primary solar source are represented by nodes. 
These nodes are given heat sources equal to the solar radiation absorbed by the glazing. The 
model could be expanded to allow for heat source nodes in the glazings of all solar sources, 








EN NSE-CIIANGE MATERIALS 


Because temperature is the primary dependent variaole, it is not convenient to handle hear-of- 
fusion as an isothermal enthalpy change. Problems involving phase-change inaterials have been 
solved by representing the heat-of-fusion as an increase in heat capacity over a given tem- 
perature ranve of about 10 to 20°C. For these problems the heat capacitance becomes a 
teinperature-dependent parameter. 


РОТА STRUCTURE 


PASOLE consists of a main prograin, seven subroutines, and one function (Fig. 1). All but 
one (COLLECT) of the subroutines are called directly by the main program. In addition to the 
PASOLE subroutines, several routines in the LASL computer library also are called by the main 


program. 


Three time step loops are set up in the main program. The outer loop advances the month, the 
next loop advances the day of the month, and the inner loop advances the basic time 
step—usually 1 h. Another loop inside the inner time step loop 1s used for iterations, if required. 
for temperature dependence of the coefficients. Coefficients a,, and b, of Eq. (3) are computed in- 
side the iteration loop. Equation (3) is solved using the LASL library routine LSS, or the tem- 
peratures are determined directly by solving Eq. (4). [If any of the calculated node temperatures 
deviate from their previous Iteration value (or from the previous time step, if the first iteration) 
by more than the specified value of TOLT, another iteration is made using the calculated tem- 
peratures as the new values. The iteration process continues until convergence is reached or until 
ITMAN iterations have been made. If convergence is not reached the run is not stopped, but the 
output counter KERR is advanced by one. 

lf the control node changes operating mode (from fixed to variable temperature, or vice versa) 
during a tirne step, the basic time step is divided into twoor more smaller time steps, but no new 
solar/weatner data are obtained. 

At the end of each time step, heat flow sums are updated, variables are set for the next time 
step, and film file variables are set if graphic output is to be obtained. After all the time step 
loops are completed, the summary output is made. For parametric studies the entire program is 
put in a "problem" loop, in which specific parameters are varied. 


EUDROUTINES 


ae 


The data required to run the problem and the parameters (Appendix B) that describe the 
model structi:re are set in subroutine INDATA,. We also could use INDATA to read data from 
cards or from another file. All data written into INDATA are given in FORTRAN. Except fora 
block of default values at the beginning, INDATA probably would be changed completely for 
each ditferent model. 

Preliminary calculations are done in subroutine PRIME, using the data supplied in INDATA. 
Included in these calculations are the setting up of arrays of fixed- and floating-temperature 
nodes and the determination of the coefficients F,, of Eq. (4), if applicable. 

Subroutine DAYLY is called once each time through the day loop. Here, the daily weather 
data are read from a data file or are calculated. In addition, the solar declination and ex- 
traterrestrial normal solar flux are computed for the current day. Weather data required are the 
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total solar radiation flux on a known tilt (QHD) and the ambient air temperature (TAD). Alsu 
useful is the wind velocity (VELD). If thece are fixed-temperature nodes other than the outside 
ambient, DAYL Y is a convenient place to enter the temperature data for these nodes. Because 

veather data forinats are different, this subroutine probably will have to be adapted to the par- 
m. data set being used. 

SUNSRC calculates the heat sources from solar radiation absorption. Most of the equations in 
Appendix A are solved by SUNSRC. If the solar radiation measurements read in DAYLY are not 
taken on the horizontal plane, the subroutine COLLECT is called. COLLECT’ solves the Rees? 
correlation backwards; that is, it obtains the equivalent total horizontal radiation from the ziven 
measured radiation, the tilt (TILTC), and azimuth (AZIMC) of the measuring surface and the 
assumed diffuse ground reflectance (RFIOC) pertaining to the measurement. The computed 
total horizoutal radiation is then used to proceed with the calculations. Different optical svatems 
than those assumed here (for example, one with internal reflections) would require changes in 
SIO NORC. 

Model structure parameters that should be furnished by INDATA, but that are temperature 
and/or time dependent, are calculated in subroutine PROP, which is inside the temperature 
iteration loop. PROP is called just before the solutiun of Eq. (3) for node temperatures is ob- 
tained, This subroutine, like INDATA, probably will require changes for each ditterent model. 

Subroutine CONTROL determines whether a change has taxen place in the operating mode of 
the control node. Ifa change has taken place the flags KICHNG and KIC are set, the fixed and 
variable node number arrays are adjusted, the time at which the node change occurs is deter- 
mined, and temperatures at this time are calculated by linear interpolation. A new time incre- 
ment is then determined for the remainder of the original time increment. 

Descriptions of the variables found in the common blocks are given in Appendix C. 


BEESIPUTER SYSUEM REQUIREMENTS - Е 


Eu пе CASEL library routines, such as DATEI, CLOCKI, LSS, SPLOT, PLOT, andl 
DECH, will have to be replaced by local equivaients. DATE] and CLOCK1, which merelv return 
real date and time values for output, could be eliminated. SPLOT, PLOT, and DILCH are used 
to make SC-4020 CRY files for graphic output. If no equivalent routines exist or if graphic output 
is not required, that section of the program inay also be eliminated. The routine LSS, called from 
the main program and from the subroutine PRIME, is used to solve the set of linear equations, 
Eq. (3), for the T,'s given the coefficients ay and b,. Any computer facility of reasonable size 


should have software equivalent to LSS. 


PASOLE requires a field length of 57 000 octal words for compilation and 122 000 octal words 
at execution iucluding all library routines. No attempt has been made to minimize the core. . 
memory. 'The problems shown in Appendix E and in Figs. 2 and 3 require 4 to 5 min of CP time 
on a CDC 6600, or about 1 min on a CDC 7600, for a yearly calculation. Using the linearized 
method of Eq. (4), the execution time ts reduced to about 1.5 min ona CDC 6600. 

The loaders used at LASL automatically clear the registers, a feature used in PASOLE 
programming, Not all computer systems are set up this way, so it may be necessary to nuke 
special provisions to clear the registers. There are other differences between the CDC FORTRAN 
and other computer systems, such as multiple replacement statements and packed FORTRAN, 
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Fig. 2. 
Water wall model with massive exterior wall (KWALL = 1, NSCW = 2). 
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Masonry wall model (KWALL = 2, NSGW = 0). 


fem LING RESTRICTIONS 


For simulations in the southern hemisphere, changes to the solar angle and time equations are 
required. There are no restrictions on initial temperature conditions, but a small heat balance 
error will be observed if the initial temperatures are not in equilibrium. The initial value of the 
ambient temperature(s) is set to the first weather data values in SUNSRC. 

The number of nodes is now limited to 50 because of dimensions. If more detail i5 required, a 
different type of simulation program probably would be better suited. The computer time re- 
quired is approximately proportional to the square of the number of nodes. A model with 30 
nodes takes about 40 min of CP time on the CDC 6500 for a vearly hour-by-hour calculation. This 
time could be reduced considerably, however, if the linearized calculational procedure, Eq. (4), 
could be used. 
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NN, E MODELS 


Built into subroutines INDATA and PROP of the present PÁSOLE version are two types of 
south-mass-wall (SVMNV) passive solar heating systems: (1) Water wall, in which the thermal 
storage and absorber wall are assumed to be isothermal ang, therefore, representable by a single 
node, and (2) Trombe wall, in which the transient conduction throuzh the SMW is modeled uv 
several nodes in series assuming the heat tlow is one dimensional. Figures 2 and 3 show the ther- 
mal network representation of these two types of S MW.systems. Wall tvpe is selected by setting 
the flag NWALL to 1 for a water wall and to 2 for a Trombe wall. Thermocirculation of warm air 
from the wall/zlazing air space into the interior space is controlled by the tlag KVISNT, which is 
set to O0 for no tliermocirculation, 1 for unliinited thermocirculation, 2 for backdratt prevention, 
and 4 for thermostatic control of the air ow. Fhe number of glazings mav be varied by change 
the NGL value. The number of segrnents in the Trombe wall nay be varied by changing the 
NSEG value. 

The basic models have heat capacitance associated only with the SMIWs. However, if the 
parameter NSGW is nonzero, an additional heat flow path ts modeled through NSGW segments 
of a massive external wall, as shown in Fig. 2. This one-dimensional heat flow path, like that 
through the Trombe wall in Fig. 3, consists of several internal nodes that have the wall mass 
associated with them and massless nodes on the surfaces. 

Parameters peculiar to these models and used onlv in INDATA and PROP are explained in the 
Appendix D program listing. The INDATA listing in Appendix D shows the first block of data is 
the set of default values for varrtous "Program Variables.” Here, program variables are defined as 
those set in INDATA and PROP that are needed to run the program-—largely those listed in Ap- 
pendix A. "Model Parameters” are detined as those used strictly in INDATA and PROP toset up 
the specific model, that is, to calculate values of the program variables. 

After default values are set. the specific model programming begins with the setting of values 
for the inodel! parameters. These values are most often changed when immaking parametric studies 
with the model. More model parameters are set further down for each wall type. Program con- 
nection parameters and node parameters then are evaluated using a methodology developed for 
these models. Next, constants used in PROP to evaluate temperature-dependent conductances 
are calculated. 

The optional massive exterior wall is modeled for NSG\W > Oby adding nodes and connections 
to those set above. Next is a section for linearizmg the model completely, if so desired, by 
calculating effective constant conductances for all connections. This linearization must be done 
if the simplified calculation (KCALC == 2) inethod is to be used, as explained in PRIME. 

A provision for an outside insulation node onthe SAIW is used mostly for nonglazed south wall 
calculations. Finally, an output sting rs made fur many of the model parameters and resulting 
program variables. | 

In subroutine PROP the volumetric thermocirculation flow rate is calculated for K VENT non- 
zero using the previously calculated temperatures, after which conductances based on this flow 
rate are computed. Radiation and convection conductances between glazings, wall, air space, 
and outside air are calculated, again using the temperatures obtained from the previous itera. 
Ev tiaa seccion of PROP, which ealeclates values of prosram variables U, COND, and 
SCON, should be retained regardless of the model chosen. Even when all conductances are con- 
stant, these last calculations are made in PROP. Only the night (UN) and day (UD) values of 
conductance are set before these last calculations are made. 








SIMPLE OUTPUT 


Appendix E shows output listings obtained from running the Appendix D program with the 
specific model parameters of Figs. 2 and 3 and using Los Alamos weather data beginning Sep- 
tember 1, 1972. The first line of each listing in Appendix E gives real time and date, and the 


second line gives the model starting date. Parameter values given for "conductance connections” 


are connection number J; node numbers I1 and I2 (IICON and I2CON) connected by connection 
J; and UD (day) and UN (night) values of conductance in Btu/h-*F-ft? consistent with ACON, 
which is the connection heat transfer area per unit SMW glazing area. Positive heat flow in con- 
nection +.) is from node I1 to node I2. Some of the conductances are shown as zero in the listings. 
The zero value usually means that the conductances are temperature-dependent and have not 
been calculated in INDATA. 

Ambient temperature node and solar heat source information is given next. Following that is a 
block of integers and a block of real variables, which are a combination of program variables and 
model parameters whose names correspond to thuse defined in Appendixes B, C, and D. Except 
for the first line in the listings, the information is generated in INDATA when the flag KHEDPR 
iS nonzero. 

The summary table, always generated at the end of the problem in the main program, gives 
monthly totals. 


DEGDAY - heating degree days 
QOUT - heat loss back through SMW glazing 
QHEAT - auxiliary heat required by the control node 
QCOOL  - total cooling required by the control node 
QSOLAR - solar radiation absorbed in primary solar source 
"QLOAD - building heat load for other than SMW 
QACL - auxiliary coolinz required 
QSINC  - solar radiation incident on glazing of SMW 
PCTSOL - percentage of solar heating defined by PCTSOL = 100 (1-QHEAT/QLOAD). 


Headings given in the summary table are MTIME: total number of basic time increments (hours 
in this case); NSTEP: total number of time steps calculated; NCALC: total number of tem- 
perature solutions (including iterations); and KERR: number of convergence failures. 

If IPRSMI is nonzero, tables of the individual node and connection heat flow sums are printed. 
These sums are defined in Appendix C. Heat flows are given in Bti/ft? of SMW glazing. 

In addition to the printed output, graphic output can be obtained using LASL library routines. 
Graphic output is generated starting when DATE is equal to 101 throuwh the dav before 102. Ex- 


amples of plots for the model of Fig. 3 are shown in Appendix E (Figs. E-1 and E-2) for the same ` 


Los Alamos weather data as above, December 31, 1972, through January 6, 1973: (101 = 123172, 
102 = 10773). Figure E-1 shows the time variation of the temperatures of nodes 1, 6, 8, and 7. 
Figure E-2 shows the rate of solar radiation absorption in node 1 (the primary solar heat source), 
the rate of heat flow through connection 8 (the heat load), the total heat flow into the room 
through connections 7 and 9, and the total heat loss froin the south side through connections | 
and 11. 

Further results obtained using PASOLE may be found in Refs. 3 and 4. 
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APPENDIX A 
EQUATIONS FOR SOLAR RADIATION 


1. Solar declination (deg)* 
EDU 25279 * cos [530 * (MO - 1 * DAY/32 — 5.7)], 
where MO = month of vear (MO = 6 for June, etc.) and 
DAY = day of month. 


2. Extraterrestrial normal solar radiation? 
ШОГО = 5) — А 2 « ап [460 * (272.1 + IDAY)/365], 
where Al = 426.93, A2 = 13.50 for QSP in Btu/h-ft?, 
EXE 45 P A9. — 49.56 for QSP in W/m’, and 
JDAY = day of year. 


3. Equation of time (EOT) is given in tabular form, one value per month (min) 


MO ] 2 | 4 5 
BOT -12 —139 -7.5 rn 3  -l.4 
MO 7 5 9 10 ГІ 12 


BOT =62 22224 71.9 154 13.8 1.6 


tCurve fit of datain Ref. 2 by J.C. Hedstrom, 
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4. Solar time (h) 
SUNTIME = TIME + EOT/60 ~ DLONG/15 — 0.5, 
where TIME = local standard time, and 
DLONG = ditrerence between local lungitude and standard time meridian (deg). 
(0.5 1s subtracted when insolation data are averaved over the preceding hour.) 


5. Hour angle (deg) 
HR = 15 + (12 - SUNTIME) 


6. Critical hour angle (hour angle for which solar azimuth is 90°) 
SUSARCRID) = TAN (DEC)/TAN(LAT) 
бсопсітаті (па: 0 < СОЗҮНЕСЕТТ) < 1. 


7. Sun altitude (deg) 
Senet) = COS(LAT)-COS(DEC)-COS(HR)+SIN(LAT)*SIN(DEC), 
where LAT = latitude (dey). 


8. Sun azimuth (deg) 
SIN(AZI') = COS(DEC) *SIN(HR)/COS(ALT) 
AZT will always be between ~ 90° апа +90°. 
To find the true value of the azımuth, AZIM 
НК = НЕСЕТ, АЛМ = AZI, and 
DH HRCRIT, AZIM = (180— | AZIT) * AZVAAZYI'. 


9. Boes correlation? for direct normal and diffuse radiation measurements 
ПОРЕ = QH/[QSP*SIN(ALT)], 
where QH is total horizontal radiation. 
(b) FODN = 1.79*PP — 0.55 with constraint 
ШО = FODN 10. 
my QODN = FODN*QDNMAA, 
where QDN = direct normal radiation and 
QDNMAN = 1000 W/m? = 317.2 Beu/h-ft?. 
(d) QDIF - QH - QDN-*SIN(ALT), 
where QDIF = sky diffuse radiation. 


10. Wall/solar azimuth (deg) 
GAM = AZIM — WAZI, 
where WAZI is the wall azimuth; 0 when facing south and positive when facing east of south. 


11. Wall/solar angle of incidence (deg) 
ОСИ) = COS(ALT)-SIN(TILT)*COS(GANI) + SINCALT)*COS(TILT), where TILT 


is wall tilt from horizontal—positive toward south, and 0 € INC < 909. 


12. Radiation incident on wall from specular reflector. The equations are only for a horizontal 
reflector adjacent to a vertical wall. East-west dimensions of wall and reflector assumed 
equal. See also item 14. 

(a) RLEFF 2 COS(GAM)/TAN(ALT). 
ШЕРІ» КГХУТІЕГ КІБЕРЕРЕ is set equal to RLNGTH, where RLNGTH 1s the ratio of 
the refector length (N-S) to the wall height. 
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13. 


(W DWOW REI PANG ND AT, where ASPRAT is the ratio of the reflector 
width (I2-W) to its length (N-S 

(с) ASR = RLEFF-(1-DWOW/2) | DWOW < 
ASR = 0.5*ASPRATITAN(GAND if DWOW > 1. 

(d) QINSR * QDN*ASR-*RHOSR*SIN(ALT), where QINSR z reflected radiation incident 
on wall, RHOSR = reflectivity of reflector. 


Shading from overhang’ 

AFACT is the ratio of direct donne radiation incident on wall with overhang to that without 
overhang (Fig. A-1). 

mie b=) = I0OHANG-TANIBEFF) = OSEPRYISIN(TILT) + COS(TILT) 

*TAN (BEFF)] 

Constrained: 0 < AFACT S 1, where TAN(BEFF) 2 TAN(ALT)/COS(GAMO). 


У |-- 


Em OHANG = B/A 
OSEPR = C/À 
Glazing ا‎ 7 
Bun 
Vy АЛ © 
Fig. A-1. 


Overhang geometry. 


14, Total radiation incident on wall (collector) 





GOING = QINDN + QINSR + QINDF + QINRE. 
(a) QINDN is incident direct radiation 
DEE N = ODN-AFSCT-COSI(NG). 
) QINSR is incident reflected direct radiation (see item 12.d). 
(с) QINDF is incident sky diffuse radiation 
QINDE = QODIF-(1 + COS (TILT)]/2 
(assuming infinite horizon). 
(d) QINRF is incident reflected diffuse—includes diffuse ground reflection with infinite 
horizon and specular reflection of sky diffuse E 
SIDE SOHSREOsImS—COSUPILDRECSHR)-E QDIF*FCSR-RHOSR, 
where RHO = ditfuse ground reflectivity, FCSR = view factor between wall and 
specular reflector. 
For this reflector model (see item 13) 


EC SR = 0.5 (RLNGTHE + 1 СИЕ + 1) approximately. 


tAssumed to af infinite in E-W dimension (no end etfects). 





15. Transmission through glazings 
MIRAN = ({OINDN + QINSR)-TRANS*GLABS + (QINDF + QINRE)- 
DIRAN DELABS]PRCOAT 
(a) TRANS = transmission resulting from surface reflection losses only 
E x5 = 0.5°(1 + T2), 
where TL = (1 — КІМДІ + R1*(2:NGL — 1)), 
goa O N OSCE Dl, 
ОДЕ Er SIS NG ARE), 
[= NINE steer YP ANGUNC + AREF)’, 
Sinner) = SININGYRINDEN, 
NGL = nutnber of glazings in series, and 
RINDEN = refractive index of glazing surfaces. 
(b) GLABS = transmission resulting from absorption in the glazings only’ 
fees = EXPISEN*-TGEZ-NGU/COS(AREF)], 
where EX = glazing material extinction coefficient, and 
TGLZ 2 thickness of one glazing layer. 
(c) TRCOAT = transmission of one glazing coating. 
(d) TRANS and GLABS are for direct or beam radiation. An approximation to the 
transmission for diffuse radiation (DTRANS and DGLABS) ts found by setting the 
angle of incidence (INC) to 60° in (a) and (b) above. 





tThe variable CLABS in Appendix D is transmission for a single glazing laver. 
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SPPENDIX B 
BASIC INPUT DATA, 


The basic input data must be entered into the program by the INDATA and PROP suh- 
routines. Some parameters have internally set "default" values (shown in brackets). Use of the 
МИШ зї be consistent; either XSHRAE units (Btu, ft, h, *F) or S.I. units (W, m. s, ?C) mar be 
used with no significant changes. Frequently, many of the data are calculated from other input 
data in the subroutine INDATA, which ts executed at the beginning of the problem. Same of the 
data (such as U values) may vary during the problem. In this case the data are recalculated in 
the subroutine PROP, which is within the time and iteration loops. 


(A) Nodes (I)—I values not necessarily contiguous, but max I must be < NMAX, which is 
currently 50. 
КЕС): 0 for no node 
1 for variable-temperature node [0] 
2 for fixed-temperature node 
T(D: Node temperature—initial values must be specified for all nodes. For 
ixed-teinperature nodes, TiD aust be specified tor all time steps. 
CPM(D: Mass+heat capacity [heat capacitance, M in Eq. (1)] 
S Heat source = SD) + SP (D-T(D) [0] 
SP) See Eq. (1) 


(B) Connections (.D —J values should be contiguous starting with 1. 
NCONN: Number of connections (Js) 
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(C) 


(D 


(E 


— 


u 


I CON(J) 
J2CONG) 


| Nodes connected by thermal connection J 


m Day and night specific conductance 
UN(J) values of connection 
ACON(J): Heat flow area of connection 


U(J) is set to UD(J), if TMORN « TIME « TEVEN; UN(J) otherwise. 
Tien the conductance is COND (ILP) = U(J) * CON(J), 
where 11=11CON(J), 12 = PRCON(J). 


Solar heat sources 

NIS: Number of solar heat sources 

BOL(): Node number of solar heat source J 

СЕР): Collector tilt angle from horizontal for solar heat source J (deg) 
WAZIM (J): Collector wall azimuth of source J (deg) 

ALFA(J): Receiver solar absorptivity for source J 

AGLZ(J): Glazing area for source J 

mGLZ(J): Number of glazings in sertes for source J 

OHANG(J): Overhang divided by glazing height (see Fig. A-1) 

O EPR(J): Overhang vertical separation divided by glazing height (see Fig. A-1) 
MELZ(J): Glazing thickness (feet or meter per layer) 

DABS(J): Glazing diffuse absorptivity per layer 


Ambient temperature nodes 


NJA: Number of ambient temperature nodes 
IAM B(J): Node number of Jth ambient temperature node 
Integers 
15. Node number of control node 
ШӘРЕӘЛҮН: Number of days per year [365] 
INDATE: Initial date for which calculatians start—of forın MMDDYY, 
where MM is month, DD is day of month, YY is year 
a | Beginning and ending dates of hourly print and 
102 film plots (102 is day after last day) [0] 
IPRSM: Nonzero for print of all heat flow sums [0] 
ШОТАХ: Maximum number of iterations per time step (1] 
ESA CL: = 0 for no auxillary cooline (that is, no cooling 
when TAMB > TCMAX) ү К 
+ 0 for auxiliary cooling 5 
CAC: 1 for standard solution [Eq. (3)] 
2 for simplified solution [Eq. (4)] [1] 
see comments in PRIME 
INCONU: O for variable conductances 
1 for constant conductances [0] 
see comments in PRIME 
ROTY: Flag for weather data format (see subroutine DAYLY) 
~KDATA: = 0 for daily data (ambient temperature, wind velocity, 


solar radiation) read from tape (TAPE!) 
= 0 for data from other source [0] 





БЕТ: = 0 for no subdividing of basic time increment 
# O standard subdividing [1] 
see comments in PRIME 

KFILM: = 0 for no film plots [0] 
0 film plots 

ERIEDPR: = 0 for no printout of INDATA information Ga 
0 print 

озне Beginning and ending months of summer period 

MOSH2 when night insulation operation is reversed * ШЕЛІ 

NDAY1: Number of sequential daily calculations if < NDAY (MO) [o2 


NDAY(MO): Number of days in month MO [set in data 
statement—il IDPERYR = 366, NDAY(2) is reset to 29] 


NHOUR: Number of time increments on each film plot frame [168] 
NMAX: Max number of nodes, that ts, dimension [50] 
NMO: Number of successive monthly calculations 
NTIME: Number of time increments per dav: At = t/NTIME, 
where At is time increment length and t is total number of time 
units per day (DELT1 and TPERDA?Y) [24] 
ERINTD: = 0 no daily print [0] 
0 daily print 
ERINT HA: = 0 no hourly print [0] 
ж 0 hourly print 
PRINTM: = 0 no monthly print [0] 
= 0 monthly print 
СПГ: ОТН СЕ (АЭНБАЕ units) [1] 


zum 6 (S.i--units) 


, 
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(F) Real vartables 


ALAT: Latitude of locality (deg) 

BSPRAT: Specular reflector aspect ratio (E-W to N-S) 

ALIMC: Pyranometer'* "wallazimuth" (dev) [0] 
DLONG: Local longitude minus standard time meridan (deg) 

EX: Extinction coefficient of glazing material (ft^!) [6.0] 
FAC: iio. (La) 10.5] 
FACT: Same as FAC for heat flow integrals [0.5] 
ECSR: View factor between collector and specular reflector [0] 
QDNMAX: Maximum direct normal insolation in direct/diffuse 


correlation for measured data (Btu/h-ft? or W/m?){317.2 


for UNITS = 1, 1000 for UNITS = 2] 


QHCONV: Conversion factor from weather data insolation 
QICUT: Value of incident solar radiation below which night 
insulation is applied EST EIE 


RDIFF(NGL): Reflectance of glazings for NGL glazings in series for 
ee erradlalion (0.10, 0.24, 0.29, 0.33, 0.35) 


RESNI: Resistance of night insulation on coilectar *F/(Btu/h-ft) 

o У те) 
НО: Diffuse reflectivity of ground or other external reflector [0.5] 
HOC: Same for pyranometer'' [0.3] 


tNight insulation is applied when TIME > TEVEN and TIME s TMORN lor winter period. 
ttl’yranometer for which weather data insolation ts given 











ISEIOSR: Reflectivity of specular reflector [0] 
INDIES: Refractive index of glazings DS 
RLNGTH: Specular reflector length (N-S) divided by glazing height [0] 
SBCON: Stelagneboltzmanm constant (1.1132 x IO^? Btu/h-IC-?F* 

OT O01 KULO V miss C 
TBASE: Base temperature for heating degree-days (65°F or 18°C) 
MEMAXD: Max allowable control node temperature for day 
MENANMN: Max allowable control node temperature for night 
Ne vi ND: Min allowable control node temperature for day (°F or °C) 
TCMINN: Nin allowable control node temperature for night (°F or °C) 
HIS VIN: Time at which "night" starts [17 h] 
LTC: Tilt of pyranometer’ (degree from horizontal) [0] 
TMORN: Time at which "daytime" starts ШІ 
BOLT: Tolerance on temperature iteration (°F or °C) [1.0] 
IMPERDA Y: Number of time units per day |24 h/day or 86 400 s/day] 
TRCOAT: Transmission of coating on inner surface of 

inner collector glazing [1.0] 
IERO: Difference between zero and absolute zero on 


temperature scales H6O TOT © | 


tPvranometer for which weather data insolation is given. 
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APPENDIX C : 
PARAMETERS IN COMMON 


All parameters in Appendix B are also in COMMON. Starred parameters must be generated 


in DAYLY (weather data). Routines in brackets are where parameter is calculated. 


A(I,J) 
B(T) 
FONDI, J) 


BOSDEC 
POSLAT 
POSTC 
DATE 


DAY 


У 
DAY2 

DD 

DEC 
DEGRAD 
PELT 
DELTI 


Temperature coefficients in Eq. (3) [MAIN] 
Source ternıs in Eq. (3) [MAIN] 
“Conductance of connection between nodes I and J 

ЖҮНІП ЕС (1) EROP] 
COSIDEC) Пра“ | 
COS(ALAT) EINE 
COS(TILTC) [PRIME] 
Integer date of same form as INDATE 

(see Appendix B) [DAYLY] 
Index of day loop in main program 

(integer day of month) [MAIN] 
First day in day loop (integer) [MAIN] 
Last day in day loop (integer) [MAIN] 
Heating degree days 6979490 
Solar declination (deg) [DAYLY] 
x/180—conversion from degrees to radians [MAIN] 
Current time increment [MAIN] 
Basic time increment [PRIME] 





ПАТИ) 
ШЕЛІ ТК) 


ENGUJ,K) 
FRAC 


FSGC 
FSSC 
. HRCRIT 
JAIR! 
IDAY 


INDAY 
БЕТІН)" 


ІТІМЕ 
IXFILM 
JAIR! 
JCP' 
‚jew! 
АУА! 


COOL 


KIC 


KICHNG 
KND 


SHUT 


KVENT? 


tror SMW models, 





Deviation of node temperature between 
successive iterations | 

Coefficrents Ty, in Eq. (4) for "day" and "night" 
K = 1 for IC a variable-temperature node: K = 2 for IC 
а fixed-temperature node 

Fraction of DELT since beginning of time increment 
or last control mode cliange 

View factor between pyranometer and ground 
View factor between pyranometer and sky 

Hour angle at which azimuth is 90° 

(For SMW models) node number of air in 
slazing/wall space 

Day of year 

Initial day of month (from INDATE) 

Weather data time offset 

(see equation for SUNTIME in Appendix D, 
subroutine SUNSRC) 

Index of time increment loop 

Index of film plot arrays 

Number of connection between LAIR and [C 
Connection number of nonmass-associated load 
Connection number of mass-associated load 
Connection number between mass-wall surface node 
and IAIR. This is the first in a sequence of 
connections from the wall through the glazings to 
which glazing conductance calculations are keyed 
= Q for no night insulation 

1 for winter operation 

= —1 for summer operation 

(see MOSH1, MOSH2 in Appendix B) 

Control node mode indicator 

SRo OC at TOMIN imit, QUIN > 0 
ОИ е ТИС) < ТЕМАХ ОСИМ = 0 
ООС) ае ТЕА limit, QOCEN < 0 


+ 2 for T(IC) fixed for all tine (TEMIND = TCMAND, 


TENN = ТОМАХЫ) 

= Q for no mode change 

for mode change 

l for nielıt 

жола PNIORN < TIMEX < TEVEN) 
L COOL for nicht 

=KCOOL for day 

Nicht insulation is used if KSHUT = + 1 

= 0 for no thermocirculation 

1 for unlimited thermocirculation 

2 for thermocirculation with backdraft dampers 
4 for thermocirculation with thermostatic control 
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For SMW models. 





= ] for water wall model 

= 2 for ‘Trombe wall model 

Array of fixed-temperature nocles 

Array of all nodes 

Array of variable-temperature nodes 

Current month number (MO = 1 for January, etc.) 
The month loop index is MONTH, which always 
goes from 1 to NMO 

Initial value of MO, from INDATE 

Number of basic time increments from beginning 
of problem 

Number of nodes not converging 

Number of fixed-temperature nodes 

First and last problem numbers 

Index of problem lcop 

Number of nodes, total 

Number of variable temperature nodes 

Лл 

Integral auxiliary cooling of contral node 
Integral auxiliary heating of control nade 

Net heat rate through connection J 

[positive from node ILCON(J) to node 12CON(J)] 
Heat source or sink applied to control nocle to 
maintain temperature limits 

QCIN from previous time step 

Integral of QCIN over one time step 

Net heat rate conducted into node I 

Time rate of temperature change of node I, 
previous time step 

Weather data insolation (pyranometer data) 
QHD (1H) converted to correct units 

Solar heat flux incident on collector 

(primary solar heat source) 

Normal, extraterrestrial solar radiation 

Net heat source rate in node I 

Solar heat flux transmitted through collector 
glazing(s) 

Integral vent cooling of control node 

Integral vent heating of control nocle 

Array of constants generated in INDATA for use 
in PROP, or just for general use 

Remaining fraction of basic time increment 

A fourth weather data parameter (relative 
humidity in same cases) 

Suim of conductances (CONT) of connections to 
node I 

SIN(DEC) 

SIN(ALAT) 
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tFor SMW models. 








SLS(IILTC) ; 

Integrals of positive and negative values 

of QCON(Í) over time 

Integrals of positive and negative values 
SISI) over ипе. 

Integrals of positive and negative values 

of QSRC(I) over time. 

Weather data—ambient temperature 

Ambient temperature 

Dailv average ambient temperature 
Maximum allowable control node temperature 
Minimum allowable control node temperature 
Threshold ambient temperature above which any cooling 
of control node cannot be done by venting. Now set 
equal to TCMAX 

Time of day in consistent units 

Time of dav in hours 

Daily maximum ambient temperature 

Daily minimum ambient temperature 

Node temperature from previous time step 
Conductance per unit area of connection J 
Weather data—wind velocity 
Thermocirculation volumetric flow rate 
Two-digit year number 
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